Apparent Thermal Diffusivity of Soil Determined by Analysis of Diurnal Temperatures (Fourier Series, Nonlinear Regression). by Costello, Thomas Anthony
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1986
Apparent Thermal Diffusivity of Soil Determined
by Analysis of Diurnal Temperatures (Fourier
Series, Nonlinear Regression).
Thomas Anthony Costello
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Costello, Thomas Anthony, "Apparent Thermal Diffusivity of Soil Determined by Analysis of Diurnal Temperatures (Fourier Series,
Nonlinear Regression)." (1986). LSU Historical Dissertations and Theses. 4180.
https://digitalcommons.lsu.edu/gradschool_disstheses/4180
INFORMATION TO USERS
This reproduction was made from a copy of a manuscript sent to us for publication 
and microfilming. While the most advanced technology has been used to pho­
tograph and reproduce this manuscript, the quality of the reproduction is heavily 
dependent upon the quality of the material submitted. Pages in any manuscript 
may have indistinct print. In all cases the best available copy has been filmed.
The following explanation of techniques is provided to help clarify notations which 
may appear on this reproduction.
1. Manuscripts may not always be complete. When it is not possible to obtain 
missing pages, a note appears to indicate this.
2. When copyrighted materials are removed from the manuscript, a note ap­
pears to indicate this.
3. Oversize materials (maps, drawings, and charts) are photographed by sec­
tioning the original, beginning at the upper left hand comer and continu­
ing from left to right in equal sections with small overlaps. Each oversize 
page is also filmed as one exposure and is available, for an additional 
charge, as a standard 35mm slide or in black and white paper format.*
4. Most photographs reproduce acceptably on positive microfilm or micro­
fiche but lack clarity on xerographic copies made from the microfilm. Fbr 
an additional charge, all photographs are available in black and white 
standard 35mm slide format.*
*For more information about black and white slides or enlarged paper reproductions, 
please contact the Dissertations Customer Services Department
T TAyfJ Dissertation U 1VJL1 Information Service
University Microfilms International
A Bell & Howell Information C om pany
300 N. Z eeb  Road, Ann Arbor, M ichigan 48106

8625331
C ostello, Thom as A nthony
APPARENT THERMAL DIFFUSIVITY OF SOIL DETERMINED BY ANALYSIS 
OF DIURNAL TEMPERATURES
The Louisiana State University and Agricultural and Mechanical Col. Ph.D. 1986
University
Microfilms
International 300 N. Zeeb Road, Ann Arbor, Ml 48106

PLEASE NOTE:
In all cases this material has been filmed In the best possible way from the available copy. 
Problems encountered with this docum ent have been identified here with a  check mark V
1. Glossy photographs or pages_____
2. Colored illustrations, paper or print______
3. Photographs with dark background y /
4. Illustrations are poor copy______
5. Pages with black marks, not original copy______
6. Print shows through as there is text on both sides of p a g e _______
7. Indistinct, broken or small print on several pages J
8. Print exceeds margin requirements______
9. Tightly bound copy with print lost i.n sp ine_______
10. Computer printout pages with indistinct print_______
11. Page(s)____________lacking when material received, and not available from school or
author.
12. Page(s)____________seem to be  missing in numbering only as text follows.
13. Two pages num bered . Text follows.
14. Curling and wrinkled pages______
15. Dissertation contains pages with print at a  slant, filmed a s  received_________
16. Other________________________________________________________________________
University
Microfilms
International

APPARENT THERMAL DIFFUSIVITY OF SOIL 
DETERMINED BY ANALYSIS OF 
DIURNAL TEMPERATURES
A Dissertation
Submitted to the Graduate Faculty of the 
Louisiana State University and 
Agricultural and Mechanical College 
in partial fulfillment of the 
requirements for the degree of 
Doctor of Philosophy
in
Interdepartmental Programs in Engineering
by
Thomas Anthony Costello 
B.S.A.E. University of Missouri-Columbia, 1980 
M.S.A.E. University of Missouri-Columbia, 1982 
August, 1986
ACKNOWLEDGMENTS
The author would lik e  to  express h is apprecia tion  to  h is major 
p ro fesso r, Dr. Harry J .  Braud, for h is advice and encouragement 
throughout the course of the a u th o r 's  graduate study a t  Louisiana State 
U niversity . Professor Braud always viewed new ideas with an open mind 
and allowed the author to  be c re a tiv e , to  make m istakes, and to  develop 
as a researcher. His e f fo r ts  are  s in ce re ly  apprecia ted .
The author would lik e  to  thank the members of h is  advisory 
committee, Drs. Ajoy K. Baksi, Seth M. Dabney, Luis A. Escobar, Tissa H. 
Illangasakare , Robert A. Muller, Tod A. Myrum, and Frederick E. S is t le r ,  
whose advice and c ritic ism  were e sse n tia l to  the completion of th is  
d is s e r ta t io n .
The author would lik e  to  thank Dr. Seth M. Dabney for h is assistance  
in  the experimental phase of the research , and Dr. Luis A. Escobar for 
h is  help in  the analysis phase of the research .
The author would lik e  to  thank h is  a sso c ia tes  in  the A gricultural 
Engineering Department, including the fac u lty , graduate studen ts, 
techn ic ians , s e c re ta r ie s , and student workers, for th e ir  a ssistance  and 
friendsh ip . Special help on th is  research  was given by: Messrs. Karl 
Barry, George Baskin, Bruce Halverson, Martin Hummel, Claudio Sverzut, 
and Tom Way. Discussions with Messrs. Richard Thompson and John 
McLaughlin were Instrum ental in the planning stages of the research. 
A ssociation with Mr. Henry Klimkowski was highly  productive and 
enjoyable. Thank you to  a l l  of these ind iv idua ls .
i l
The author would lik e  to  thank h is parents and the r e s t  of h is  
fam ily for th e ir  continued support and encouragement throughout h is  
graduate s tu d ie s . This accomplishment must be shared with each of them.
L astly , the author would lik e  to  thank Miss Judy Leigh Hamman, h is 
fiance, not only for her help with the typing and graphics, but mostly 
for her love and frien d sh ip , which made the production of th is  
d is se r ta tio n  both enjoyable and successfu l. Thanks, Judy.
i i i
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS i i
TABLE OF CONTENTS lv
LIST OF TABLES vi
LIST OF ILLUSTRATIONS v ii
LIST OF PLATES x
ABSTRACT xi
Chapter
I .  INTRODUCTION 1
Soil Thermal Behavior 3
Assessment of Problem: Purpose 6
I I .  LITERATURE REVIEW 9
Heat Transfer Near the S o il Surface 9
Thermal P roperties of Soil 15
Summary and Objectives 25
I I I .  EXPERIMENTAL PROCEDURE 27
Overview of Method 27
P lo ts and Treatments 27
S oil Temperature Measurements 33
Soil Moisture Measurements 46
Other Soil Property Measurements 50
Summary 58
IV. ANALYTIC PROCEDURE 59
Apparent Thermal D iffu s iv ity  59
T heoretical P red ictions 72
iv
Chapter Page
V. RESULTS AND DISCUSSION 79
Evaluation of Model 79
Nonlinear Regression Method: Model Selection  109
Comparisons with Other Methods 135
Comparison with Theory 140
VI. SUMMARY AND CONCLUSIONS 144
Experimental Techniques 144
A nalytic Techniques 145
Suggestions for Future Research 149
BIBLIOGRAPHY 151
APPENDICES 154
APPENDIX 1 -  DESCRIPTION OF SOIL AT THE TEST SITE 154
APPENDIX 2 -  NEUTRON PROBE CALIBRATION 156
APPENDIX 3 -  NEUTRON PROBE READINGS: AUGUST 27, 1985 161
APPENDIX 4 -  LISTING OF NONLINEAR REGRESSION ANALYSIS
COMPUTER PROGRAM, SAMPLE INPUT AND OUTPUT 163
APPENDIX 5 -  LISTING OF THEORETICAL MODEL OF APPARBNT
THERMAL DIFFUSIVITY COMPUTER PROGRAM,
WITH SAMPLE OUTPUT 172
APPENDIX 6 -  PROPAGATION OF EXPERIMENTAL ERROR 176
APPENDIX 7 -  PROOF: DIFFERENCE BETWEEN TWO SINEWAVES 180
APPENDIX 8 -  CLIMATIC DATA 184
APPENDIX 9 -  LISTING OF VARIANCE COMPONENT ESTIMATION
COMPUTER PROGRAM, SAMPLE INPUT AND OUTPUT 187
VITA 192
v
LIST OF TABLES
Table
1. Thermal Properties of S o il C onstituents
2. Comparison of Soil Moisture Measurement Methods:
Neutron Probe Versus Gravim etric Method
3. Average Soil Moisture Content fo r Selected Days
4. Bulk Density of Soil Samples
5. P a r t ic le  Size D istribu tion  of S o il Samples
6. Quartz Analysis of S o il Samples
7. Computed Time Lag Constants
8. L is t  of Nonlinear Regression Analyses Performed
9. Volumetric Composition of the S o il: Input Data for
Predictions
10. Apparent Thermal D iffu s iv ity  fo r Selected Days:
Predicted Values and Measured Values Using 
Various Methods
11. Estimated Variance Components: Nonlinear Regression
Method
12. Estimated Variance Components: A ll Methods
Page
17
49
51
53
55
57
65
67
76
123
129
136
vi
LIST OF ILLUSTRATIONS
Figure
1.
2 .
3.
4.
5.
6 .
7.
8 .
9.
10.
11.
12.
13.
14.
15.
16.
Layout o£ Soil Temperature Measurement P lo ts
P lo t Border with Moisture B arrier
F ie ld  Plan
Sample Tube and Cutting Head
Thermocouple In s ta lla t io n  Diagram
S oil Temperature for Days 243-244, 1985, P lo t 2.
S o il Temperature for Days 243-244, 1985, P lo t 2.
Residuals for Days 243-244, 1985, P lo t 2
from Nonlinear Regression Analysis with One 
Harmonic and 2.5 cm Upper Boundary.
Residuals for Day 235, 1985, P lo t 2, from
Nonlinear Regression Analysis with One Harmonic 
and 2.5 cm Upper Boundary.
S o il Temperature for Days 243-244, 1985,
P lo t 2, Superimposed.
S o il Temperature for Day 221, 1985, P lo t 2.
S o il Temperature for Days 243-245, 1985, P lo t 2.
Residuals for Day 245, 1985, P lo t 2, from
Nonlinear Regression Analysis with One Harmonic 
and 2.5 cm Upper Boundary.
Apparent Thermal D iffu siv ity , Average for Four P lo ts , 
on Days 220-221 and 256-257, 1985, from the 
Nonlinear Regression Method with One Harmonic 
and 2.5 cm Upper Boundary.
Solar Radiation Measured a t  LSUAC Ben Hur Research 
Farm, Days 238-252, 1985.
Apparent Thermal D iffu s iv ity , Average from Four P lo ts , 
on Days 238-245, 1985, from the Nonlinear 
Regression Method with One Harmonic and 2.5 cm Upper 
Boundary.
Page
28
30
31 
35 
40 
83
90
91
92
96
97
98
100
101
104
105
vii
Figure Page
17. Asymptotic Standard E rror of the Apparent Thermal
D iffu s iv ity , Average for Four P lo ts , for Days 
238-245, 1985, from Honlinear Regression Analysis 
with One Harmonic and 2.5 cm Upper Boundary.
18. Soil Temperature fo r Day 252, 1985, P lo t 2.
19. Residuals for Day 252, 1985, P lo t 2, from Non­
lin e a r  Regression Analysis with One Harmonic 
and 2.5 cm Upper Boundary.
20. Apparent Thermal D iffu s iv ity , Average for Four P lo ts ,
on Days 243-245 and 252, 1985, from the Nonlinear 
Regression Method with One Harmonic and 2.5 
cm Upper Boundary.
21. Asymptotic Standard E rror of Apparent Thermal D iffusiv­
i ty ,  Average of Four P lo ts , for Days 243-245 and 
252, 1985, from Nonlinear Regression Analysis 
with One Harmonic and 2.5 cm Upper Boundary.
22. S o il Temperature fo r Day 192, 1985, P lo t 2.
23. Sum of Squared R esiduals, Average for Four P lo ts , for
Day 192, 1985, from Nonlinear Regression Analysis 
with 1, 2, 3, 4, 6, and 8 Harmonics and
2.5 cm Upper Boundary.
24. Sum of Squared R esiduals, Average for Four P lo ts , for
Day 243, 1985, from Nonlinear Regression Analysis 
with 1, 2, 3, 4, 6, and 8 Harmonics and
2.5 cm Upper Boundary.
25. Apparent Thermal D iffu s iv ity , Average for Four P lo ts ,
for Day 234, 1985, from the Nonlinear Regression 
Method with 1, 2, 3, 4, 6, and 8 Harmonics and
2.5 cm Upper Boundary.
26. Apparent Thermal D iffu s iv ity , Average for Four P lo ts ,
for Day 244, 1985, from the Nonlinear Regression 
Method with 1, 2, 3, 4, 6, and 8 Harmonics and
2.5 cm Upper Boundary.
27. Apparent Thermal D iffu s iv ity , Average for Four P lo ts ,
for Days 242-244, 1985, from the Nonlinear Regression 
Method with One Harmonic and 2.5 and 5 cm 
Upper Boundaries.
28. C onceptualization of Possib le  Sources of V ariation in
the Estim ation of Apparent Thermal D iffu siv ity .
106
107
108 
110
111
113
114
116
117
119
121
127
viii
Figure
29.
30.
31.
32.
33.
Estimated Variance of Components: P lo t and Days w ithin 
a Group, fo r the Results of the Nonlinear Regression 
Method Using 1, 2, 3, 4, 6, and 8 Harmonics and 2.5 
cm Upper Boundary.
Estimated Variance of Components: P lo t and Days w ithin 
a Group, for the Results of the Nonlinear Regression 
Method Using 1, 2, 3, 4, 6, and 8 Harmonics and 5 cm 
Upper Boundary.
Estimated Variance of Components: P lo t and Days within 
a Group, for the Results of the Nonlinear Regression 
Method Using One Harmonic and the 2.5 and 5 cm Upper 
Boundaries.
Estimated Variance of Component: Days w ith in  a Group, 
for the Results of the Three Simple Methods and the 
Nonlinear Regression Method Using One Harmonic.
Apparent Thermal D iffu siv ity  for 20 Selected  Days Using 
the Nonlinear Regression Method with One Harmonic 
Compared to  the Approximated Upper and Lower Bounds 
of the T heoretical Predicted Values.
Page
130
131
134
138
143
ix
LIST OF PLATES
Plate Page
1. Impact Drivex for Tube In se rtio n  36
2. Screw-Type P u lle r for Tube Removal 37
3. Thermocouple Depth Location Tool 39
4. Completed Thermocouple In s ta lla t io n  42
x
ABSTRACT
A method of in d ire c t measurement of the apparent thermal d if fu s iv ity  
of s o i l ,  in s i tu ,  was developed, te s te d , and evaluated . The method was 
based on an analysis of d iu rnal v a ria tio n s  in  s o i l  temperature measured 
a t  severa l depths near the surface of an undisturbed m ineral s o i l  (a 
s i l t y  c lay  loam), near Baton Rouge, Louisiana. A thermocouple in se rtio n  
technique was developed and implemented to  p rec ise ly  locate  the sensors 
in  undisturbed s o i l ,  thereby reducing experim ental e rro r  in s o i l  
temperature measurement.
The apparent thermal d if fu s iv ity  was determined from an im p lic it 
re la tio n sh ip  derived from tra n s ie n t one dimensional heat conduction 
theory . Nonlinear regression  analysis was used to  se le c t the estim ate 
of apparent thermal d if fu s iv ity  as a function of observed s o i l  
temperature p ro f i le s . The regression  model included a Fourier s e r ie s  
rep resen ta tion  of the upper boundary cond ition . Increasing the number 
of harmonics in the se r ie s  beyond one did not have a s ig n if ic a n t e ffe c t 
on the estim ate of apparent thermal d i f fu s iv i ty .  Exclusion of 
observations of temperature near the surface a ffec ted  the estim ate of 
apparent thermal d if fu s iv ity , which could be an ind ication  of 
nonhomogeneous s o i l  p ro p e rtie s . Further evidence of nonhomogeneity on 
some days was detected by noting th a t the res id u a ls  from the regression
xi
varied s in u so id a lly  in  time (with a 24 h period) a t  one or more depths. 
Best r e s u lts  were obtained when nearly  periodic  temperatures were 
observed during a  succession of sunny, ra in -fre e  days.
The re s u lts  of the  nonlinear regression  method were compared with 
three sim pler methods which used d a ily  maximum and minimum s o il  
temperature data  as in p u t. The nonlinear regression method, which used 
hourly values of s o i l  tem perature, was su b s ta n tia lly  more p rec ise . The 
re su lts  from the nonlinear regression  method also  agreed f a i r ly  well 
with the estim ated range of thermal d if fu s iv ity  predicted by the De 
Vries (1963) method. O verall, the method was easy to  perform 
experim entally, required  somewhat complex computation, and yielded 
precise r e s u l ts .
xii
CHAPTER I.
INTRODUCTION
The apparent thermal d if fu s iv i ty  of s o i l  is  a thermal property vhich 
a ffe c ts  s o i l  heat tran s fe r  and s o i l  temperature p ro f i le s . Measurement 
methods are needed to  v e rify  and re fin e  e x is tin g  th e o re tic a l models of 
s o i l  thermal p ro p erties . Once a general model of s o i l  thermal 
p ro p erties  is  v e rif ie d , then the thermal behavior of s o i l  can be 
properly  accounted for in many s tu d ies  in  a g r ic u ltu ra l  and building 
sc ien c es .
For example, in a g ric u ltu re , the following top ics ’could be 
addressed.
1) P lanting  d a te s . Research is  needed on t i l l a g e ,  surface 
treatm ents, and other c u ltu ra l p rac tices  vhich might make e a r l ie r  
p lan ting  dates possible by modifying s o i l  heat tra n s fe r , thereby 
a tta in in g  a b e tte r  environment for seed germination and seedling growth.
2) Forecasting . The development of s o i l  temperature forecasting  
procedures could aid  producers in  planning, scheduling, and implementing 
t i l l a g e ,  p lan ting , and p estic id e  ap p lica tio n  operations. Timeliness of 
such operations can often be c r i t i c a l  to  a farm er's success, e sp ec ia lly  
during seasons with adverse weather.
3) Extreme tem peratures. Research is  needed to  determine the 
e ffe c ts  of extreme tem peratures, average tem peratures, and d iurnal 
v a ria tio n s  in temperature on roo t and shoot growth, n u tr ie n t uptake, 
s o i l  chemical equilibrium , enzyme con tro lled  reac tio n s , m icrobial 
a c t iv i ty ,  in sec t development, weed growth, and p lan t d iseases. Better 
understanding of such chemical and b io lo g ica l processes could be
1
2a tta in ed  by including the dynamic nature of the thermal behavior of 
s o i l .
4) Greenhouses. Improvements might be possible in the sim ulation of 
a r t i f i c i a l  warming of s o i l  in greenhouses for increased production.
In build ing sc ience, s o i l  heat tra n s fe r  is  important in to p ics  such 
as the follow ing.
Ground-coupled heatpumps. A generalized model of s o i l  thermal 
p roperties might allow  more accurate sim ulation of buried heat 
exchangers used with water-source heatpumps for heating, cooling, and 
re f r ig e ra tio n . B etter sim ulation might suggest improvements in design:
1) C urrently , heat exchanger length might not always be properly  
spec ified  fo r the p a rtic u la r  s o i l  a t  the building s i t e .  Precise design 
for the indiv idual s o i l  a t  the build ing s i te  might decrease construction  
costs and insure economical performance.
2) The e ffe c ts  of s o i l  moisture on heat exchanger performance should 
be analyzed. V ertica l heat exchangers, since they are in con tact with 
sa tu ra ted  s o i l  below the water ta b le , might be shown to  be more 
e ffe c tiv e  in  some areas than horizontal heat exchangers.
3) The performance of horizon tal heat exchangers might be improved 
by a lte r in g  the s o i l  moisture conditions of the adjacent s o i l .  Research 
in th is  area could include the coupling of the heat exchanger with 
systems of t r ic k le  ir r ig a tio n  for crops or land app lica tion  of domestic, 
municipal, or a g r ic u ltu ra l  wastes.
Building heat tra n s fe r  to  s o i l .  B etter understanding of s o i l  
thermal p ro p erties  could improve the sim ulation of heat tra n s fe r  between 
the s o i l  and bu ild ing  s lab s , foundations, and basement w alls . This 
could lead to  b e tte r  recommendations for in su la tio n , more accurate
3heating and cooling load c a lcu la tio n s , and more accurate  energy use 
c a lcu la tio n s . The end re s u l t  would be an improvement in  equipment 
se lec tio n  and reduced energy consumption and costs  to r the homeowner.
This d is se r ta tio n  focuses on techniques of measurement of the 
apparent thermal d if fu s iv ity  of s o i l  by an a ly sis  of d iu rna l temperature 
p ro f ile s  measured in the f ie ld  near the s o i l  su rface . Before the 
l i te r a tu r e  is  reviewed, the following to p ic s  w ill be presented as 
background inform ation: heat tran s fe r  near the s o i l  su rface , so il  
temperature v a ria tio n s , and s o i l  thermal p ro p e rtie s . The purpose of 
th is  research w ill then be s ta te d .
SOIL THERMAL BEHAVIOR 
Heat Transfer Near the Soil Surface
At the surface of the ea rth , many heat tra n s fe r  processes occur 
which a ffe c t clim ate and the p lan t environment. Radiation from the sun 
is  p a rtitio n ed  in to  a frac tio n  which is  re f le c te d  by the atmosphere, 
another frac tio n  which is  absorbed by the atmosphere, and another 
frac tio n  which s tr ik e s  the e a r th 's  surface as d iffu se  and d ire c t so la r 
ra d ia tio n . A portion of the incident so la r rad ia tio n  is  not absorbed by 
the s o i l  and is  re f le c te d . The amount of re flec tan ce  depends on the 
type and amount of ground cover and the s o i l  roughness and co lo r. In 
add ition , the s o i l  surface exchanges long wave rad ia tio n  with the 
atmosphere, in which the heat tra n s fe r  ra te  is  dependent upon s o i l  
temperature regimes and atmospheric conditions such as cloud cover, 
humidity, and tu rb id ity . Convective heat tra n s fe r  a lso  occurs between 
the s o i l  surface and the a i r  as both sensib le  heat tra n s fe r  and la te n t 
heat tra n s fe r  (evaporation, condensation). This convective energy
4exchange depends on both the temperature and moisture regimes o£ both 
the s o i l  and the a i r ,  in add ition  to  wind speed and net so la r 
ra d ia tio n . Each component o£ the energy balance a t  the e a r th 's  su rface— 
the p a rtitio n in g  of so la r ra d ia tio n , the net exchange of long wave 
ra d ia tio n , and convective heat tra n s fe r—is  a ffec ted  by on s o i l  thermal 
behavior.
Solar rad ia tio n  is  characterized  by an annual cycle and a d a ily  
cycle. These two period ic  v a ria tio n s , one superimposed on the o ther, 
r e s u l t  from the e a r th 's  o rb it  about the sun and the ro ta tio n  of the 
ea rth  about i t s  a x is . The v a ria tio n  in time of so la r rad ia tio n  s tr ik in g  
the ground surface causes conduction of heat between the s o i l  surface 
and layers beneath. This cy c lic  heat tra n s fe r  is  associated  with annual 
and d iu rnal trends in s o i l  tem perature.
Soil Temperature.Varia tio n s
Annual s o i l  tem perature v a ria tio n s  are periodic with a period of one 
year. Deviations from the mean tem perature, which are g re a te s t a t  the 
su rface , decrease with increasing  depth. This dampening of the s o i l  
temperature flu c tu a tio n s  a lso  occurs with the d iu rnal s o i l  temperature 
trend , which is  period ic  (24 hour period) and is  superimposed on the 
annual trend . The angular v e lo c ity  of the d iu rnal disturbance is  
g rea te r than the angular v e lo c ity  of the annual d istu rbance, th e re fo re , 
the d iu rnal s o i l  temperature v a ria tio n s  are not conducted as deeply as 
the annual s o i l  tem perature v a ria tio n s .
The depth of penetra tion  of both the annual and d a ily  s o i l  
temperature waves depends upon the s o i l  thermal p ro p ertie s—thermal 
conductiv ity , volumetric sp e c if ic  heat, and th e ir  r a t io ,  thermal
5d if fu s iv i ty .  A s o i l  with a high thermal d if fu s iv ity  tends to  conduct 
ra th e r  than s to re  heat; hence, a s o i l  temperature d isturbance a t  the 
surface caused by cy c lic  v a ria tio n s  in so la r radiatLon tends to  be 
conducted quickly to  the s o i l  beneath, with deep penetra tion  of the 
temperature d istu rbance. A s o i l  with a lower thermal d if fu s iv i ty  tends 
to  s to re  heat and transm it the temperature disturbance much shallower 
with a g rea te r time lag than a s o i l  with a higher thermal d if fu s iv ity .
Soil Thermal P roperties
Thermal p roperties of s o i l  depend on i t s  composition and s tru c tu re . 
The a b i l i ty  of a s o i l  to  conduct and s to re  heat depends on i t s  density , 
moisture conten t, and mineral composition. The process of heat 
conduction a lso  depends on s o i l  s tru c tu re , including the p a r t ic le  size  
d is tr ib u tio n , the aggregate s ize  d is tr ib u tio n , the void s ize  
d is tr ib u tio n , and the o v e ra ll geometry. Because of these dependencies, 
s o i l  thermal p roperties are variab le  with respect to  lo ca tio n , depth, 
and time and may change when subjected to  i r r ig a tio n , drainage, t i l l a g e ,  
and o ther c u ltu ra l  p ra c tic e s . Hence, the e ffe c ts  of s o i l  thermal 
behavior on above ground clim ate and below ground clim ate are  not 
constan t, but vary with respect to  loca tion , time, and c u ltu ra l 
p ra c tic e s .
I t  is  because s o i l  thermal p roperties  are variab le  and because the 
thermal behavior of s o i l  a f fe c ts  p lan t growth th a t crop sim ulation 
models are  being developed which include s o il  thermal behavior. Soil 
tem perature a ffe c ts  root and shoot growth. P lant growth is  a ffec ted  by 
s o i l  temperature because temperature influences the ra te  of water and 
n u tr ie n t uptake and tran s lo ca tio n  by the ro o ts . S o il temperature
6a ffe c ts  chemical reac tio n s , enzyme con tro lled  reac tio n s , and m icrobial 
a c t iv i ty .  Indeed, temperature a ffe c ts  almost every process of l i f e  in 
the s o i l ,  and these e ffe c ts  a re  now being studied and mathematically 
modeled.
ASSESSMENT OF PROBLEM: PURPOSE 
Needs.of A gricu ltu ral S c ie n tis ts  
Researchers are  using increased understanding of the thermal 
behavior of s o i l  and the thermal environment of the roo t zone to  develop 
management s tra te g ie s  which a l t e r  s o i l  heat tra n s fe r  processes and 
provide a more optimum environment fo r crop growth. Some s tra te g ie s  
involve sp ec ia l t i l l a g e  and mulching techniques to  induce optimum s o il  
tem peratures a t  the time of p lan tin g . These management s tra te g ie s  are 
now emerging and continued research  is  needed. Optimizing crop 
production through proper management is  the challenge of contemporary 
a g r ic u ltu ra l s c ie n t is t s .  Thermal p roperties of s o i l  are  fac to rs in crop 
production systems which need continued study.
Needs of Building S c ie n tis ts  
In add ition  to  i t s  a g r ic u ltu ra l  s ig n ifican ce , s o i l  thermal behavior 
a ffe c ts  severa l heat tra n s fe r  processes involved in  the heating and 
cooling of bu ild ings. Use of a water-source heatpump, coupled with a 
closed-loop heat exchanger buried in the ground, has resu lted  in large 
increases in  space conditioning e ff ic ie n cy . Proper design of such 
systems depends on re l ia b le  estim ates of s o i l  thermal p roperties a t  the 
s i t e .  Soil heat tra n s fe r  is  a lso  a fac to r in the design of building 
s la b s , foundations, and basements. To prevent excessive heat loss or
gain from the build ing  environment to the s o i l ,  these components of the 
build ing  must be properly  in su la ted . Selection of in su la tio n  types and 
th icknesses depends on the estim ated heat tra n s fe r  ra te s  with the s o i l .  
There are  a lso  emerging construction  techniques, such as ea rth -sh e lte red  
housing and cooling tubes, which requ ire  s o i l  thermal property  data  for 
proper design and an a ly s is . P resen tly , the ava ilab le  s o i l  thermal 
property  data used by build ing  engineers is  lim ited .
Statement of Problem 
A gricu ltu ral researchers and heating and a i r  conditioning engineers 
have a need for comprehensive and re lia b le  s o i l  thermal property  da ta . 
The av a ilab le  inform ation, however, is  somewhat inadequate. T heoretical 
models have been developed to  p red ic t thermal p ro p erties  based on other 
commonly known s o i l  p ro p erties  such as bulk density  and moisture 
conten t. These th e o re tic a l p red ic tions are not adequate because the 
cu rren t models do not Include a system atic method of accu ra te ly  
accounting for d ifferences in  s o i l  s tru c tu re  from one s o i l  to  another. 
Furthermore, measurement of s o i l  thermal d if fu s iv ity  in undisturbed 
s o i ls  has been lim ited . Without extensive measurements on a v a rie ty  of 
s o i l s ,  improved models of s o i l  thermal p roperties can n e ith e r be 
developed nor va lidated  due to  in su ff ic ie n t f ie ld  d a ta .
8Purpose
The purpose of th is  research  was to  improve understanding of s o i l  
heat tra n s fe r , with app lica tions in  a g r ic u ltu ra l  and build ing sciences; 
by con tribu ting  to  the c o llec tio n  of re l ia b le  s o i l  thermal property 
da ta ; through development, te s t in g , and evaluation of a method of 
measurement of the apparent thermal d if fu s iv ity  of an undisturbed s o i l .
CHAPTER II.
LITERATURE REVIEW
HEAT TRANSFER NEAR THE SOIL SURFACE 
Heat Conduction Model
Heat tra n s fe r  near the surface of the s o i l  has o ften  been 
represented using heat conduction theory in which the s o i l  is  
considered to  be a se m i- in f in ite , homogeneous, iso tro p ic  so lid  (Van 
Wijk and De V ries, 1963; Kusuda and Achenbach, 1965; Horton e t  a l . ,  
1983; and o th e rs .)  In such models, the heat conduction was assumed to  
occur in only one d ire c tio n —v e r t ic a l ly —and the surface temperature 
was represented as a period ic  function , using e ith e r  a simple sinewave 
or a Fourier s e r ie s .  Assuming no heat sources or heat s in k s, the 
governing equation was given as (see for instance, Penrod e t  a l . ,
1960):
6T/6t = « 8*T/8z* (1)
where, T = T (z ,t)  = s o i l  tem perature, K, 
z = depth, cm, 
t  = tim e, h, and
« = thermal d if fu s iv i ty  of the s o i l ,  cm*/h.
Two boundary conditions were defined . F i r s t ,  the s o i l  temperature 
approaches a constant value as depth approaches in f in i ty ;  th is  deep 
s o i l  temperature is  equal to  the mean annual s o i l  tem perature, Tn, a t  
a l l  depths. Second, the surface temperature was represented by the
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superposition  of two sinewaves, one with a period of one year, and one 
with a period of one day (Van Vijk and De V ries, 1963). Hence,
Pg, Pd = phase constants for the annual and d a ily  
waves, resp ec tiv e ly , dim ensionless.
Given these boundary cond itions, the well-known s te ad y -s ta te  
period ic  so lu tion  of Equation 1 was given as (see for in stance, Carslaw 
and Jaeger, 1959, pp. 64-70):
T (z ,t)  = T + A exp(-z(w /2«)^1 m a a
T (» ,t)  = Tm ( 2 )
T (0 ,t)  = T + A sin(w  t  -  P ) + A .sin tw .t -  P .)m a a a a a a (3)
where, Ag, Ad = surface tem perature amplitudes fo r the 
annual and d a ily  waves, resp ec tiv e ly , K 
wa , wd = angular v e lo c itie s  fo r the annual and 
d a ily  waves, resp ec tiv e ly , h and
■ sinlw  t  -  P -  z(w_/2oc)^J a a a
+ Adexp[-z(wd/2oc)^]
• sin(wdt  -  Pd- z(wd/2«)*l (4)
Based on Equation 4, the period ic  surface tem perature disturbance 
w ill be transm itted  in to  deeper s o i l  lay e rs . Since wa = wd/365, the
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annual wave Is dampened less  and is  conducted deeper than the d a ily  
wave. Such c h a ra c te r is tic s  of s o i l  tem perature p ro f ile s  have been 
observed extensively  (Carson, 1963; Van Vljk and De V ries, 1963; Kusuda 
and Achenbach, 1965; and o th e rs .)
Discussion of Model Assumptions
Surface tem perature. Equation 3 represen ts the upper boundary 
condition as the superposition  of an annual and d a ily  sinewave—a 
rep resen ta tion  which is  usefu l for d esc rip tiv e  purposes. A more 
accurate model can be made using a Fourier s e r ie s  rep resen ta tion  of the 
surface tem perature. The upper boundary condition can be w ritten  as:
ot
T (0 ,t)  = T + E { A s in |w  t  -  P ) )ra  - an an ann - i
+ I  I *ansin(wa„t -  Pa„) I . (5)
n=i
where, n = subscrip t denoting each term in the Fourier s e r ie s ,
Aan, A^n = surface tem perature amplitudes fo r the n 'th  term in the
annual and d a ily  s e r ie s ,  re sp ec tiv e ly , K,
P , P. = phase constants fo r the n 'th  term in  the annual and d a lly  an an
s e r ie s , re sp ec tiv e ly , dim ensionless, 
wan = n ‘wa = an9u*ar v e lo c ity  of the n 'th  term of the annual 
s e r ie s ,  h*"1, and 
wdn = n ' wd = an9u*a* v e lo c ity  of the n 'th  term of the d a ily  
s e r ie s ,  h~*.
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The corresponding tem perature d is tr ib u tio n  is :  
T (z ,t)  = Tm
+
+ V  Ad n e x P r " z(w dn /2c{ ,,iln=l
• s in lv dnt  -  Pdn-  z(wdn/2ct)*J } . (6)
Ghuman and Lai (1982) reported th a t  two terms in the Fourier s e r ie s
accounted fo r 98 percent of the v a ria tio n  in d iu rnal s o i l  temperature 
a t  a depth of 5 cm in  a bare p lo t.  Carson (1963) reported th a t  the 
f i r s t  harmonic alone was s u f f ic ie n t  to  describe annual s o i l  temperature 
tre n d s .
P e r io d ic ity . Under some conditions, the s o i l  temperature 
v a ria tio n s  a re  not p e rio d ic ; th a t i s ,  the same p a tte rn  is  not repeated 
exac tly  day a f te r  day or year a f te r  year. Deviations from tru e  
p e rio d ic ity  are  expected due to  periods of clouds or warm sp e lls  or 
cold s p e l ls .  Carson (1963) reported th a t p e rio d ic ity  was e ffe c tiv e ly  
a tta in e d  when m ultiyear averages of d a ily  s o i l  tem peratures were 
analyzed. Van Wijk and De Vries (1963) noted th a t the d iu rna l s o i l
tem perature p a tte rn  was nearly  period ic  when consecutive days of c lea r
weather were analyzed.
* «E i A_„exp[-z(w /2cc) 1 _ . an ann=i
• sintw  t  -  P -  z(w /2«)*1 }an an an
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Homogeneity. On a microscopic sc a le , s o i l  is  not homogeneous, i t  
i s  a mixture of various m inerals, organic m atter, w ater, and gases.
The behavior of s o i l  p redicted  by Equation 4 or 6, has been applied
only on a macroscopic le v e l, where homogeneity has often  been assumed. 
De Vries (1975) s ta te d  th a t homogeneity may be c o rre c tly  assumed when 
the bulk p roperties  of small u n its  of s o i l  do not vary appreciably in 
space or in tim e. The degree of homogeneity must be re la tiv e  to  the 
implied prec ision  of the model. That i s ,  the assumption of homogeneity 
must be va lid  on a small sca le  i f  p red ic tions of s o i l  temperature are
made a t  very precise  instances of time or very p recise  locations in the
p ro f i le . The homogeneity requirement could be relaxed when less  
p rec ise  p red ic tions are made. For many f ie ld  ap p lica tio n s , homogeneity 
has been assumed (Penrod e t  a l . ,  1960; Horton e t  a l . ,  1983; Persaud and 
Chang, 1985; and o th ers .)
Van Vijk and Derksen (1963) presented a method of analysis for heat
conduction in a layered s o i l  where homogeneity was assumed within each 
ho rizon tal lay e r. From th e ir  an a ly sis  of a two layer s o i l ,  the 
following was noted:
1) The surface temperature v a ria tio n  was conducted to  s o i l  
beneath with equal period, and
2) The amplitude and phase of the temperature v a ria tio n  a t  any 
depth was given by an expression which was more complex than Equation 6
and depended on the th ickness of the upper layer and the thermal
p roperties of both layers.
Based on these c h a ra c te r is t ic s , system atic p red ic tion  e rro rs  could 
occur i f  Equation 6 (which assumes homogeneity) was applied  and 
nonhomogeneity ex is ted . Nonhomogeneity could re s u l t  in a system atic
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di££ezence between the predicted  amplitude and phase, and the observed 
amplitude and phase o£ the tem perature v a ria tio n  a t  a depth near the 
nonhomogeneity.
Mass t r a n s fe r . Movement of s o i l  m oisture, in both the liqu id  and 
vapor s ta te s ,  not only a££ects the composition and thermal p roperties 
of the s o i l  but i t  can tra n s fe r  energy in  the form of sensib le  and 
la te n t heat. The heat conduction model, Equation 1, does not 
e x p lic i t ly  include such e f fe c ts .  In some instances the coupling of 
heat and mass tra n s fe r  is  s ig n if ic a n t . Baladl e t  a l .  (1981) modeled 
the heat tra n s fe r  from a buried heat source and concluded th a t moisture 
movement was a s ig n if ic a n t  e f f e c t ,  n ecess ita tin g  a numerical analy sis  
of heat and mass t ra n s fe r .  De Vries (1975) s ta te d  th a t coupled p a r t ia l  
d i f f e re n t ia l  equations describ ing  heat and moisture movement in s o i ls  
may be required for an a ly sis  of some f ie ld  conditions, such as the 
condition where moisture movement is  caused by temperature d ifferences 
alone. In such analyses, i t  was reported to  be d i f f ic u l t  to  determine 
the unknown parameters as a function of temperature and s o i l  moisture 
content.
Vapor d if fu s io n . The d iffu sio n  of water vapor in nonsaturated 
so ils  occurs in the a i r - f i l l e d  pores a t  a ra te  proportional to  the 
temperature g rad ien t (De V ries, 1975). The energy tran sfe rred  by the 
evaporation and condensation of water vapor is  exhib ited  by an apparent 
increase in the thermal conductiv ity  of the a i r  spaces (since heat 
conduction is  a lso  p roportional to  the temperature g rad ien t) . De Vries 
(1963) s ta te d  th a t ,  in  some cases, vapor d iffu sio n  provides s ig n if ic a n t 
heat tra n s fe r . . This heat tra n s fe r  has been included in  the pure heat 
conduction model by incorporating  the apparent increase in  thermal
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conductiv ity  of the a i r  spaces due to  vapor d iffu sio n  in to  the thermal 
p ro p erties  of the s o i l .
summary. The pure heat conduction model with the inclusion  of 
vapor d iffu s io n  e ffe c ts  has been applied  to  many f ie ld  conditions. 
Since there  are  many sim plifying assumptions, model a p p lic a b ili ty  is  
dependent upon the following:
1) The surface temperature must be accu ra te ly  described using as 
many harmonics of a Fourier s e r ie s  as needed.
2) The temperature v a ria tio n  must be p eriod ic , by analyzing 
consecutive days of c le a r weather, or by analyzing average temperature 
p ro f i le s .
3) Homogeneity must e x is t  on a sca le  r e la tiv e  to  the required 
temporal and s p a t ia l  p rec ision  of the predicted  tem peratures.
4) There must be no s ig n if ic a n t moisture movement due to  
p re c ip ita tio n , i r r ig a tio n , d rainage, or other causes.
THERMAL PROPERTIES OF SOIL 
T heoretical Models
Volumetric Specific  Heat
The volumetric sp e c if ic  heat of a s o i l  is  a thermodynamic property 
and depends only on s o i l  composition. De Vries (1963) computed i t s  
value as a weighted sum of the volum etric sp e c if ic  heats of each of the 
respec tive  s o i l  c o n stitu en ts :
c = E { x .c . } , 
1 1 1
(7)
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3where, c = volum etric sp e c if ic  heat of the s o i l ,  J/m *K,
i = index of summation, extending over a l l  co n stitu en ts
of the s o i l ,  dim ensionless,
Xj = volum etric f ra c tio n  of the i ' t h  co n stitu en t, dim ensionless,
3
Cj = volum etric sp e c if ic  heat of the i ' t h  co n s titu en t, J/m *K. 
Typical values of the volum etric sp e c if ic  heat and other p ro p erties  of 
severa l common s o i l  c o n stitu en ts  are  given in  Table 1.
Thermal Con d uc tiv ity
Thermal conductiv ity  is  not a thermodynamic property, i t  is  a 
tran sp o rt p roperty . Hence, the s tru c tu re  of the m aterial a f fe c ts  heat 
conduction. The thermal conductiv ity  of s o i l  is  dependent upon the 
composition and the s tru c tu re  of the s o i l .  Mathematical models of the 
thermal conductiv ity  of s o i l  a re  analogous to  expressions for the 
e le c t r ic a l  conductiv ity  of a granular m ate ria l. De Vries (1963) 
applied  the theory to  s o i l  by rep resen ting  s o i l  p a r tic le s  as e ll ip so id s  
d ispersed  in  a continuous medium of e ith e r  water or a i r ,  depending on 
the moisture con ten t:
k = E { ) /  S { x ^  } , (8)
where, k = thermal conductiv ity  of the s o i l ,  W/m*K,
k j = thermal conductiv ity  of the i ' t h  co n s titu en t, V/m>K, and 
r^  = r a t io  of the average temperature g rad ien t in the i ' t h  
c o n s titu e n t, to  the  average temperature gradient 
in the continuous medium, dim ensionless.
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TABLE 1.
THERMAL PROPERTIES OF 
SOIL CONSTITUENTS
C onstituent
Volumetric 
S pec ific  Heat, 
J/m -K
Thermal
Conductivity,
V/m*K
quartz 2.0 x 106 8.8
nonquartz minerals 2.0 x 106 2.9
water 4.2 x 106 0.57
a i r 1.25 x 103 0.025 + ky b
a Representative values from De Vries (1975).
u
The value of the apparent increase in  thermal conductiv ity  of the 
a i r ,  k , due to  vapor d iffu s io n  depends on the moisture conten t, 
equals zero a t  zero moisture content and increases l in e a r ly  to  a 
value of 0.0737 V/m>K a t  f ie ld  capacity , see De Vries (1975).
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R epresentative values of the thermal conductiv ity  of severa l common 
s o i l  c o n s titu en ts  a re  given in  Table 1.
The apparent thermal conductiv ity  of the a i r - f i l l e d  pores in a 
moist s o i l  is  g rea te r than the conductiv ity  of dry a i r ,  due to  la te n t  
heat tra n s fe r  by the d iffu s io n  of water vapor across a pore in  response 
to  tem perature g rad ie n ts . This d iffu sio n  and heat tra n s fe r  is  
p roportional to  the vapor pressure g rad ien t, which is  proportional to  
the tem perature g rad ien t. The e ffe c t has been described mathem atically 
as an increase in  the apparent thermal conductiv ity  of the a i r  (De 
V ries, 1963). De Vries (1975) reported th a t the con tribu tion  of vapor 
d iffu s io n  to  the apparent thermal conductiv ity  of the a i r - f i l l e d  pore 
in  a s o i l  a t  f ie ld  capacity  was approximately 0.0737 V/m*K, as noted in 
Table 1.
The tem perature g rad ien t r a t io s ,  r^ , reported ly  depend on the shape 
and o rie n ta tio n  of the p a r t ic le s  and the r a t io  of the thermal 
conductiv ity  of the p a r t ic le  and the medium (De V ries, 1963):
3
r x = (1/3) • 1 /(1  + (ki /k c -  D g ^ I  ) , (9)
where, k = thermal conductiv ity  of the continuous medium, V/m*K, andw
= j ' t h  shape fac to r of the i ' t h  co n s titu en t, dim ensionless. 
For moist s o i ls  (with le v e ls  of moisture content g rea te r than w ilting  
p o in t) , water has been assumed to  be the continuous medium; hence, k =
“w ater' which *leW s r va te r * l -
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De Vries (1963) reported th a t  the shape fac to rs  conform to  the 
r e s t r ic t io n :
« i l  ♦ »12 + »13 * 1 • 110
De Vries (1963) discussed the method of se lec tin g  the shape fac to r 
for s o i l  p a r t ic le s .  For a quartz  sand, he se lec ted  g ^  = g ^  = 0.144, 
for the so lid  p a r t ic le s .  Horton (1982), and Kimball e t  a l .  (1976), 
each se lec ted  g ^  = g ^  = 0.20 fo r the so lid  p a r t ic le s  of Berino sand, 
and Yolo s i l t  loam, re sp ec tiv e ly .
For a i r - f i l l e d  pores in a moist quartz  sand, De Vries (1963) 
assumed th a t  the shape fac to rs  depended on moisture conten t, varying 
lin e a r ly  from ga l  = ga2 = 0.333, a t  sa tu ra tio n , to  gfll = gg2 = 0.035, 
when oven dry . Kimball e t  a l .  (1976) presented a d e ta ile d  em pirical 
analysis of the a i r  shape fac to r based on heat flux  data  measured in 
Yolo s i l t  loam. They se lec ted  an a i r  shape fac to r which varied 
lin e a r ly  from ga j  = ga2 = 0 .1 , a t  sa tu ra tio n , to  zero when oven dry.
De Vries and P h ill ip  (1986) s ta te d  th a t  the "ad hoc manner" of 
determining the shape fac to r fo r the a i r - f i l l e d  voids was a notable 
weakness of the model and needed improvement.
Thsimal-flilfuglYltY
T heoretical p red ic tions of a s o i l 's  thermal d if fu s iv ity ,  «, are 
based on the d e fin itio n :
« = k /c  . (11)
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Predicted values £or k and c can be computed £rom theory using 
Equations 8 and 7, resp ec tiv e ly ; th e ir  ra t io  is  then the predicted  
value o£ thermal d i£ £ u siv ity .
Measurement Hethods
D irect Methods
T herm al'conductivity . The thermal conductiv ity  o£ s o i l  has been 
measured using severa l techniques. A stead y -s ta te  f l a t  p la te  apparatus 
was used by Smith and Byers (1938). Several other workers have 
reported the use of a thermal conductiv ity  probe employing a tra n s ie n t 
measurement to  minimize m oisture movement during the t e s t  (De Vries and 
Peck, 1958; Vdodside, 1958; Vierenga e t  a l . ,  1969; and o th e rs ) . The 
use o£ the probe was based on the theory of heat tran s fe rred  from a 
lin e  heat source.
De Vries (1952) described the procedure and construction  of the 
probe. I t  consisted  of a heating element and thermocouple contained 
w ithin a small cy linder (10 cm long, and 1.4 mm diam eter). The probe 
was in se rted  in to  the s o i l  and the temperature was measured during a 
heating and cooling cycle . The thermal conductiv ity  was found from the 
slope of a p lo t of temperature r is e  versus the logarithm  of tim e, 
knowing the heating curren t and r e s i s t iv i ty  of the heating element. De 
Vries (1952) estim ated the measured values to  be w ithin approximately 3 
percent of the tru e  values.
Nagpal and Boersma (1973) cautioned th a t a i r  entrapment on the 
probe surface could re s u l t  in  erroneous re s u l ts ,  based on th e ir  
experiments with g lass beads. Probe to  s o i l  contact was a lso  addressed
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as a possib le  e rro r  by Hadas (1974). A standard method was given by 
Jackson and Taylor (1965, pp. 351-356).
Volumetric sp e c if ic  h e a t. The volumetric sp e c if ic  heat of s o i l  has 
been measured using simple ca lo rim e tric  methods. Taylor and Jackson 
(1965) d e ta ile d  a standard method.
Thermal d i f fu s iv i ty . The thermal d if fu s iv ity  of s o i l  has been 
measured with experimental techniques s im ila r to  those used to  measure 
thermal conductiv ity , except th a t a d if fe re n t an a ly tic  procedure was 
used to  compute the r e s u l t .  A probe fo r the simultaneous measurement 
of thermal conductiv ity  and thermal d if fu s iv ity  was described by Nix e t  
a l .  (1967). A standard method was given by Jackson and Taylor (1965, 
pp. 356-359).
Commonly, the thermal d if fu s iv i ty  of s o i l  has been determined 
experim entally by taking the r a t io  of the measured thermal conductiv ity  
to  the volum etric sp e c if ic  heat (measured or computed). See for 
instance, P o tte r e t  a l .  (1985).
In d irec t Methods
The thermal d if fu s iv ity  of s o i l  has been measured in d ire c tly  by 
analyzing tra n s ie n t s o i l  tem perature d a ta . The apparent thermal 
d i f fu s iv ity  was computed from an a ly sis  of annual trends in s o i l  
temperature a t  two on more depths by Fluker (1958), Penrod e t  a l .
(1960), Kusuda and Achenbach (1965) and o thers . Likewise, the thermal 
d i f fu s iv ity  was computed from analy sis  of d iu rnal trends in s o i l  
temperature by Vierenga e t  a l .  (1969), Horton e t  a l .  (1983), Persaud 
and Chang (1985), and o th ers . Diurnal analyses have the advantage th a t 
the measurement may be repeated on successive days during which the
I
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s o i l  p ro p erties  have been considered to  be constan t; whereas, analyses 
of annual trends y ie ld  only one value of thermal d i f fu s iv i ty  for an 
e n tire  year, during which p roperties such as moisture and density  could 
have varied .
Amplitude equation . From the heat conduction model, with a 
sinuso ida l surface tem perature, i t  has been noted th a t the d iu rnal 
amplitude of s o i l  tem perature decreases exponentia lly  with increasing 
depth, as shown in the d iu rna l term in Equation 4. The commonly 
re fe rred  to  "amplitude equation" has been w ritten  as (see for instance, 
Vierenga e t  a l . ,  1969):
w .(z_-z,)*
« =   U2)
2{ln(A1/A2)}* ,
where, A^, A2 = d iu rnal amplitude of s o i l  tem peratures 
a t  depths z^ and z2, resp ec tiv e ly , K.
Horton e t  a l .  (1983) and Persaud and Chang (1985) computed the thermal 
d if fu s iv i ty  by Equation 12 using maximum and minimum s o i l  tem peratures 
measured a t  two depths in the f ie ld .  Vierenga e t  a l .  (1969) found the 
thermal d i f fu s iv ity  using Equation 12 by p lo ttin g  the logarithm  of the 
amplitude versus depth, for several depths of measured s o i l  
tem peratures, and concluded th a t the technique was more re l ia b le  when 
more than two depths were monitored. Horton e t  a l .  (1983) reported 
th a t the re s u l ts  varied g re a tly  from day to  day.
Phase equation . From Equation 4, i t  has been shown th a t  the time 
of maximum s o i l  temperature occurs la te r  in the day with increasing 
depth. M athematically, the "phase equation" has been w ritten  as:
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{%2 -  Zj)*
(13)
2v,(t « - " t v )* ,u max, 22 max,2^
where, t  ___  , t    = t in e  of occurrence of the  maximum temperaturemax,Z2 max,z^
a t  depths z2 and z^, resp ec tiv e ly , h.
Vierenga e t  a l .  (1969) determined the thermal d if fu s iv ity  using 
Equation 13 by p lo ttin g  the time of maximum temperature versus depth, 
fo r severa l depths. Horton e t  a l .  (1983) computed the thermal 
d i f fu s iv ity  e x p lic i t ly  from Equation 13 using s o i l  temperature data  a t  
two depths and reported considerable day to  day flu c tu a tio n s of the 
computed values. The method was p a r t ic u la r ly  un re liab le  during periods 
of clouds due to  the ex istence of two or more re la tiv e  maxima or 
minima.
Im p lic it equations. Thermal d if fu s iv i ty  has a lso  been computed 
using an a ly tic  and numeric so lu tio n s  to  the heat conduction equation. 
Vierenga e t  a l .  (1969) and Horton e t  a l .  (1983) used f in i te  d ifference  
approximations of Equation 1 to  generate predicted  d iu rna l s o i l  
temperature p ro f ile s  for a given value of «. They se lec ted  the value 
th a t minimized the mean squared d iffe rence  between the predicted  and 
measured tem peratures. Likewise, Horton e t  a l .  (1983) used the  
a n a ly tic  so lu tio n  (Equation 6) to  generate predicted  d iu rnal s o i l  
temperature p ro f i le s . The value of thermal d if fu s iv ity ,  which 
minimized the mean squared d iffe ren c e , was se lec te d . The Fourier 
c o e ff ic ie n ts  were computed using the s o i l  tem peratures measured a t  the 
1 cm depth.
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Comparison of Theory and Measurements 
Volumetric Specific  Heat
Vierenga e t  a l .  (1969) compared measured and pred icted  values o£ 
volum etric sp e c if ic  heat £or Yolo s l i t  loam, and reported d ifferences 
of approximately 13 percent.
Iherroal-Conductlvl.ty.
De Vries (1963) s ta te d  th a t ,  in  general, the  computed values of 
thermal conductiv ity  (from Equation 8) should be w ithin 10 percent of 
the tru e  values.
Vierenga e t  a l .  (1969) measured the thermal conductiv ity  of Yolo 
s i l t  loam using the lin e  source heat probe method, in s i tu ,  and 
reported  th a t "measured values agree with those ca lcu la ted" using 
Equation 8.
Sepaskhah and Boersma (1979) measured the thermal conductiv ity  of 
samples of a loam and a s i l t y  c lay  loam s o i l  using the lin e  source heat 
probe method, and reported th a t  the r e s u l ts  compared favorably with the 
computed values from Equation 8, with d iffe ren ces of about 10 percent 
a t  moisture contents g rea te r than 0.20 by volume. The s o i l  samples had 
been a i r  d ried , packed, and v e tted  in  sample con ta iners, and therefo re  
did  not m aintain n a tu ra l s o i l  s tru c tu re .
Skaggs and Smith (1968) measured the thermal conductiv ity  of 
samples of Haury s i l t  loam, d ried  and packed in  columns, using the lin e  
source heat probe method. They concluded th a t computed values from 
Equation 8 were in  agreement with measurements i f  the computed values 
were m ultip lied  by a co rrec tio n  fac to r of 1.65. They a lso  performed 
spot measurements on moist s o i l  samples and reported  th a t  the predicted
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values (with no co rrec tio n  fac to r) were approximately 3 percent higher 
than the measured values.
Thermal D iffu s iv ity
P o tte r e t  a l .  (1985) compared d ire c t  and in d ire c t methods of 
determ inations of thermal d if fu s iv i ty  of th ree  s o i ls  in  Iowa. D irect 
measurement was obtained by d iv id ing  the measured thermal conductiv ity  
(by the lin e  source heat probe method) by the volumetric sp e c if ic  heat 
(computed from Equation 7 ). In d irec t measurement was obtained by 
ana ly sis  of d iu rnal s o i l  tem perature d a ta , with computation of a 
im p lic itly  from Equation 6. They reported th a t "o v era ll, the agreement 
of the two methods was q u ite  good".
SUMMARY AND OBJECTIVES 
S oil heat tra n s fe r  is  of in te re s t  to  a g ric u ltu ra l s c ie n t is ts  and 
heating and a i r  conditioning  engineers. Comprehensive s o i l  thermal 
property  da ta , for a wide range of s o i ls  and conditions, are cu rren tly  
unavailab le. T heoretical models of the thermal p roperties of s o i ls  
have been e s tab lish ed . The thermal conductiv ity  model u t i l iz e s  
p a r t ic le  shape fac to rs  to  account for s o i l  s tru c tu re . This is  a major 
weakness of the model. Improvements to  e x is tin g  models or development 
of new models can only be accomplished using re l ia b le  f ie ld  d a ta . 
Measurement techniques e x is t  for f ie ld  and laboratory  determ ination of 
thermal conductiv ity  and thermal d if fu s iv i ty .  Based on the l i t e r a tu r e ,  
ap p lica tio n  of these techniques in  the f ie ld  has not been extensive. 
Perhaps the needed f ie ld  data  could be co llec ted  i f  a simple technique 
was proven, accepted, and app lied . For measurements to  r e f le c t  ac tual
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£ield  conditions, s o i l  s tru c tu re  must be maintained. For measurements 
to  be widely employed, the technique must be sim ple, r e l ia b le ,  and 
automated.
PbjecUYfig
Based on an assessment o£ the needs o£ a g ric u ltu ra l s c ie n t is ts  and 
build ing  s c ie n t is t s ,  and on a review o£ the l i t e r a tu r e ,  the ob jectives 
of th is  research were defined:
1) Develop an automated method of measurement of the apparent 
thermal d if fu s iv ity  of a s o i l ,  in  s i t u ,  in which there is  minimal 
disturbance to  the s o i l  s tru c tu re .
2) Test the method on an undisturbed s o i l  in the f ie ld .
3) Evaluate the method by comparing the r e s u lts  with other 
techniques and with theory , using the following c r i t e r i a :
a) P recision  of the estim ates,
b) S ta b il i ty  under varying c lim atic  conditions, and
c) Ease of instrum entation and computation.
CHAPTER III.
EXPERIMENTAL PROCEDURE
OVBRVIBV OF METHOD 
A nethod was developed to  aeasure the apparent thermal d if fu s iv ity  
of an undisturbed s o i l  by an a ly sis  of d iu rnal v a ria tio n s  in  s o i l  
tem perature. S o il tem peratures were measured in bare f ie ld  p lo ts  
located a t  the Louisiana S ta te  U niversity  A gricu ltu ral Center (LSUAC)
Ben Hur Research Farm, Baton Rouge, Louisiana. Temperatures were 
measured a t  fiv e  d if fe re n t  depths using a sp e c ia lly  designed 
thermocouple placement technique which minimized s o i l  d istu rbance. The 
tem peratures were recorded au tom atically  every hour using an e lec tro n ic  
data logger. The apparent thermal d i f fu s iv ity  was calcu la ted  im p lic itly  
from the a n a ly tic  so lu tio n  of the heat conduction equation using 
nonlinear reg ression  a n a ly s is . Additional s o i l  p ro p erties  (so il  
m oisture, bulk d en sity , p a r t ic le  s ize  d is tr ib u tio n , and quartz  content) 
were measured so th a t th e o re tic a l estim ates of the apparent thermal 
d if fu s iv i ty  could be c a lcu la ted . The method was evaluated by comparing 
i t s  re s u l ts  to  the re s u l ts  of other methods and to  the predicted  values 
from theory.
PLOTS AND TREATMENTS 
S o il tem peratures were measured in  e ig h t p lo ts  located approximately 
20 m e as t of the National Weather Service Cooperative Weather S ta tion  
and an automated weather s ta tio n  maintained by the LSUAC, as shown in 
Figure 1. Corn s ilag e  had been grown in  the f ie ld  fo r severa l seasons
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L S U A C  BEN HUB RESEARCH FARM
S O I L
CONDUITTEM PERA TU RE 
MEASUREMENT 
P L O T S  ^
4.6 m
4.6 m
DATALOGGER
WEATHER
STA TIO N
TE M P .
S E N S O R S
4.6m 4.6m
GRAVEL ROAD
Figure 1.
Layout of soil temperature measurement plots.
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previous to  p lo t construction . The s o i l  was a s i l t y  c lay  loam, as 
described in  Appendix 1.
P lo t Construction
Bach p lo t had dimensions of 4.6 m by 4.6 m, as shown in  Figure 1. 
P lo t borders were constructed  in  November, 1984, and consisted  of four 
pressure tre a te d  2X6 boards la id  on edge and na iled  together a t  the ends 
to  form a square. Polyethylene sh e e ts , 0.1 mm (0.004 inch) th ic k , were 
a ttached  to  the boards and placed in to  trenches which had been dug 75 cm 
deep around each p lo t border. A fter the trenches were b ack filled  with 
s o i l ,  the p la s t ic  formed a v e r t ic a l  moisture b a rr ie r  surrounding each 
p lo t ,  as shown in Figure 2. This border prevented ex te rn a l surface 
runoff from en tering  the p lo t and prevented ho rizon ta l movement of s o i l  
moisture near the surface a t  the p lo t edges.
Treatments
O riginal research plans ca lled  fo r two re p lic a tio n s  of four 
treatm ents to  be applied to  the p lo ts . The treatm ents were arranged in a 
two by two fa c to r ia l ,  with two fac to rs  each having two le v e ls . The 
f i r s t  fac to r  was vegetation , with le v e ls : soybeans and none (or bare 
s o i l ) .  The second fac to r was p re c ip ita tio n  c o n tro l, with le v e ls : ra in -  
out sh e lte r  and none (or uncovered). The four combinations, which were 
randomly assigned to  two p lo ts  each, were: 1) soybeans/rain-out s h e lte r ,
2) bare s o i l /ra in -o u t  s h e l te r ,  3) soybeans/uncovered, and 4) bare 
so il/uncovered . The f ie ld  plan is  shown in  Figure 3.
The ra in -o u t sh e lte rs  were intended to  in te rce p t p re c ip ita tio n , and 
r e s u l t  in the attainm ent of reduced s o i l  m oisture in  the covered p lo ts
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2 X 6  PRESSURE TREATED BOARD 
S O IL  SURFACE
A
S O IL  TEM PERA TU RE 
P L O T
POLYETHYLENE 
S H E E T  
(0.1 mm thick)
75 cm
TRENCH 
(BACKFILLED)
Figure 2.
Plot border with moisture barrier.
PLOT I 
TRT. 4
P L O T  8 
TRT.  I
PLOT 2 
T R T . 4
PLOT 3 
TR T .  2
P L O T  4 
TRT. 3
PLOT 7 
TRT.  3
PLOT 6 
TRT. I
P L O T  5 
TRT.  2
Figure 3.
Field plan showing plot numbers and treatment assignments.
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by the end o£ the summer. The soybean crop, i t  was hoped, would provide 
s ig n if ic a n t  evapotransp ira tion  to  reduce s o i l  moisture in  the cropped 
p lo ts . According to  the o rig in a l p lans, with these treatm ents, t e s ts  
could be made on s o i l  with high, low, and interm ediate lev e ls  of 
m oisture.
Severe weather and high water tab le  leve ls  re su lte d  in higher than 
expected s o i l  moisture leve ls  throughout the season even in the p lo ts  
under the ra in -o u t s h e lte r s . Since the sh e lte rs  were ra re ly  removed, 
the data  co llec ted  in  p lo ts  3, 5, 6, and 8, corresponded to  wet s o i l ,  
under cover of polyethylene ta rp s . These data were not analyzed.
Soybeans were planted by hand without t i l la g e  on Nay 30 to  June 2, 
1985, in  p lo ts  4, 6, 7, and 8. The v a rie ty  was C entennial, spacing 
between rows was 38 cm, seed spacing within rows was 5 cm, and seed 
depth was 3.8 cm. Poor germination resu lted  from inadequate m oisture a t  
the seed p lan ting  depth; th e re fo re , soybeans were rep lanted  on Ju ly  25- 
26, 1985, using the same procedure. Emergence was hindered by a surface 
c ru s t which formed a f te r  heavy ra in  on Ju ly  27, 1985. A th ird  attem pt 
a t  p lan ting  soybeans occurred on August 13, 1985. A good stand was 
produced but growth was lim ited  due to  the la te  p lan ting  d a te .
Moreover, soybean growth in p lo ts  4 and 7 was so s l ig h t  th a t  for the 
periods analyzed in  th is  research  (from June to  September,. 1985), p lo ts  
4 and 7, lik e  p lo ts  1 and 2, were considered to  be e s s e n t ia lly  bare and 
uncovered.
P lo ts  1, 2, 4, and 7 were kept free  of weeds using chemical 
h e rb ic id es. A ll four p lo ts  were sprayed with a glyphosate so lu tio n ,
(9.6 kg ac tiv e  ingred ien t per l i t e r  of water) on April 2, June 3, and 
August 14, 1985, using a portable  sprayer. The so lu tio n  was applied so
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th a t a l l  vegetation  was thoroughly v e tted . P lo ts  1 and 2 were a lso  
sprayed with glyphosate (same procedure) on August 3, 1985. A pre­
emerge herb icide ap p lica tio n  was applied  to  p lo ts  4 and 7, following the 
p lan ting  of the soybeans, on June 8, 1985. The mixture was: a lach lo r 
applied  a t  a ra te  of 2.2 kg ac tiv e  ingred ien t per ha, and m etribuzin 
applied  a t  a ra te  of 0.56 kg ac tiv e  ingred ien t per ha. Weeds were 
p e rio d ica lly  removed by hand between herbicide a p p lica tio n s .
SOIL TEMPERATURE MEASUREMENTS
Soil tem peratures were measured in each p lo t a t  five  depths using 
thermocouples connected to  a programmable e le c tro n ic  data acq u is itio n  
system. C ollection  of s o i l  temperature data  began on May 28, 1985 and 
continued through October 18, 1985.
Thermocouple In s ta lla t io n
Thermocouple in s ta l la t io n  was c a re fu lly  considered since minimal 
d isturbance of s o i l  s tru c tu re  was an o b jec tiv e . The in s ta l la t io n  
technique was designed to  place the thermocouples a t  p rec ise  depths, 
with l i t t l e  d istu rbance, so th a t the measured tem peratures would r e f le c t  
ac tu a l f ie ld  conditions. The in s ta l la t io n  consisted  of:
1) Removal of a core sample of s o i l  a t  the cen ter of each p lo t,
2) Horizontal in se rtio n  of the thermocouple a t  the se lec ted  depth 
in to  the side  of the hole l e f t  by the removal of the core sample, and
3) Replacement of the core sample in to  the hole.
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Cote Sample. Renw.val
Sample tube and cu ttin g  head. A core sample tube and cu ttin g  head 
were b u i l t  £rom aluminum i r r ig a tio n  tubing (15.24 cm or 6 inch nominal), 
as i l lu s t r a te d  in Figure 4. When in se rted  in to  the s o i l ,  the cu ttin g  
head extruded the s o i l  core s l ig h t ly —reducing i t s  diam eter. This 
prevented the s o i l  sample from adhering to  the inside of the sample 
tube, thereby reducing compaction of the sample.
Tube in se r tio n . The sample tube and c u ttin g  head were driven in to  
the s o i l  a t  the cen ter of each p lo t using a sp e c ia lly  b u i l t  impact 
d r iv e r , shown in  P la te  1. The impact d riv e r head was made from a
sec tion  of round s te e l  stock (6.4 cm diam eter, 53 cm long). To drive
the sample tube in to  the s o i l ,  the d riv e r head was f i r s t  ra ised  by 
pu lling  on a cab le /pu lley  assembly, and then dropped approximately 45 
cm, s tr ik in g  a s te e l  p la te  (2 cm th ick ) which res ted  on the top of the 
sample tube. The tube could be driven 38 cm in to  the s o i l ,  in
approximately 15 minutes, by ra is in g  and dropping the weight repeated ly .
Tube removal. The sample tube was removed using a sp e c ia lly  b u i l t  
screw-type p u lle r , as shown in P la te  2. An aluminum frame was bolted to  
the sample tube and threaded onto the v e r t ic a l  sh a ft of the p u lle r . As 
the crank a t  the top of the machine was turned, the aluminum frame 
trave led  up the threaded s h a f t ,  p u llin g  the sample tube out of the 
s o i l .  Because of the co n s tric te d  diam eter of the cu ttin g  head, the s o i l  
w ithin the sample tube sheared a t  the bottom and remained w ithin the 
tube as i t  was removed.
10 cm
5 cm 38  cm
14.60 cm 14.92 cm
15.24 cm
14.90 cm 15.24 cm
S E T -S C R E W  H OLE.TYP.I cm
CUTTING HEAP. S A M P L E  T U B E
Figure 4.
Section view of the soil sample tube and cutting head used 
in the thermocouple installation procedure. The cutting head 
was attached using three set-screws.
toLn
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Plate 1.
Impact driver for tube Insertion.
Plate 2.
Screw-type puller for tube removal.
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Thermocouple In se rtio n
H orizontal placement ho les . A clean c y lin d ric a l hole was formed by 
the removal of the sample tube f i l le d  with s o i l .  The thermocouples were 
placed h o rizo n ta lly  in to  undisturbed s o i l  ad jacent to  the c y lin d ric a l 
hole. A sp e c ia lly  b u i l t  to o l was used to  make horizon tal holes for each 
thermocouple a t  the p rec ise  depth, as shown in  P la te  3. The to o l was 
held in  place on the s o i l  surface with two sp ikes, and was positioned so 
th a t the s lid in g  guide was re s tin g  aga in st the south wall of the 
c y lin d r ic a l hole. Marks had been inscribed on the s lid in g  guide so th a t 
i t s  ho rizon ta l p o sitio n  re la tiv e  to  the s o i l  surface could be adjusted  
p rec ise ly  and locked in place a t  each of the depths se lec ted  for 
thermocouple in s ta l la t io n .  With the guide locked in p lace, a pointed 
s te e l  rod (10 cm long, 6.4 mm diam eter) was in serted  through the guide 
in to  the s o i l ,  forming a horizon tal hole for the thermocouple a t  the 
p recise  depth.
Thermocouples were placed in to  the horizontal holes a t  depths of 
2 .5 , 5 .0 , 15.0, 25.0, and 30.0 cm. (A thermocouple was a lso  in serted  
immediately below the s o i l  surface in  each p lo t, but was l e f t  
unconnected due to  a lim ita tio n  of measurement channels on the 
da ta logger.) The hole diameter was such th a t each thermocouple had good 
contact with the s o i l .  The thermocouple wires were n ea tly  bundled and 
routed down the south wall of the cy lin d ric a l hole, across the bottom of 
the hole, and in to  conduit recessed in to  the opposite w all, as shown in 
Figure 5.
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Plate 3.
Thermocouple depth location tool.
AO
ABOVE GROUND
CONDUIT
S O I L  SURFACE
2 .5  cm I 
5 . 0  cm
U N D IS ­
TURBED
S O I LCYLINDRICAL
HOLEBU RIED
C O N D U IT
15.0 cm
2 5 . 0  cm
30.0 cm
THERMOCOUPLES
W I R E S
15 cm
F ig u re  5.
Thermocouple installation diagram showing thermocouple locations 
and routing of wire inside the cylindrical hole.
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A fter thermocouple in se r tio n  and wire rou ting , the core sample of 
s o i l  was placed in to  the c y lin d r ic a l ho le. F i r s t ,  the cu ttin g  head was 
removed from the sampling tube. Then the core sample was loosened from 
the tube w alls and allowed to  s l id e  in to  the hole. The thermocouple 
wires had been routed n e a tly  and held in  place aga in st the s id es of the 
hole with sm all c lip s  so th a t  the s o i l  sample would not get lodged and 
would re tu rn  to  i t s  o rig in a l p o sitio n  without d isrup tion  or compaction. 
The method proved e ffe c tiv e  in  a l l  e ig h t p lo ts . Once the core sample 
was back in  the ho le , the  thermocouple in s ta l la t io n  was completed with 
minimal d isturbance to  the surrounding s o i l  p ro f i le , see P la te  4.
Instrum entation
Thermocouples
The thermocouple wires were routed through w a ter-tig h t p la s tic  
conduit to  the instrum ent s h e lte r  which was located c e n tra lly , as shown 
in  Figure 1. The conduit was buried from the edge of the p lo t to  the 
sh e lte r  to  prevent acc id en ta l damage to  the w ires. Conduit was 
in s ta l le d  above ground from the p lo t cen ter to  the edge of the p lo t 
because b u ria l would have need lessly  d isrup ted  the s o i l  s tru c tu re  w ithin 
the p lo t.
Thermocouple c o n s tru c tio n . The tem perature transducers were 
designed to  be water proof, rugged, and low c o s t. The thermocouple 
cable was copper-constantan, type T, American National Standards 
In s t i tu te  (ANSI) standard , 24 AVG, (stock number T24-1-505, Thermo 
Sensors Corporation, Garland, Texas). Junctions were formed a t  the end 
of each cable by s tr ip p in g  1.5 cm of in su la tio n  o ff each w ire, and then
•MS'5
?«#&&**■
Plate 4.
Completed thermocouple Installation.
43
by tw isting  and so ldering  the connection. Bach junction  was covered 
with a 2.5 cm length of heat shrink tubing (1 cm d iam eter), which had 
been f i l l e d  with a thermal epoxy (Omegabond 100, Omega Engineering, 
Stamford, Connecticut). After the epoxy had cured, the tubing was 
heated and shrunk to  f i t  the p ro tec tive  coating of epoxy.
Pat? logger.
The s o i l  tem peratures were measured and recorded by connecting the 
transducers to  an e le c tro n ic  datalogger (Model CR7, Campbell S c ie n tif ic , 
Logan, Utah.) The datalogger was b a tte ry  operated, p o rtab le , and 
programmable, with c a p a b ility  of e lec tro n ic  measurement and c o n tro l. I t  
was equipped with 40 k iloby tes of memory for data and program sto rage, 
and included the following modules:
1) Control module, number 700, included CPU, d isp lay , power 
supply,
2) Input/ou tpu t module, number 720, contained c o n tro lle r  card and 
analog in te rfa c e ,
3) Analog input card , number 723, provided 14 channels for voltage 
measurement, two of these modules were used,
4) Analog input card with temperature reference, number 723-T, 
same function as number 723, but i t  included a platinum res is tan ce  
thermometer mounted in the cen ter to  provide reference panel temperature 
for the thermocouples, and
5) E xcita tion  card , number 725, provided analog and d ig i ta l  
ou tpu ts.
Accuracy and p rec is io n . The manufacturer s ta te d  th a t  the datalogger 
could measure temperature with ANSI standard , type T, thermocouples and
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the b u i l t - in  temperature refe rence , v ith  an accuracy of approximately 
1.2 K or le s s . (Host of th is  possib le  e rro r can be a ttr ib u te d  to  the 
accuracy of the thermocouples them selves. For ANSI standard , type T, 
the accuracy is  1 K or l e s s .)
A lim ited  t e s t  of the system was made a t  the freezing  and bo iling  
points of water to  d e tec t possib le  dev ia tion  from these sp e c if ic a tio n s , 
due to  fac to ry  defect or damage in  shipping. Ten thermocouples were 
constructed in the manner used fo r f ie ld  measurement as described 
above. These thermocouples were bundled together and placed in  an 
insu lated  g lass container f i l l e d  with d i s t i l l e d  ice w ater. An e le c tr ic  
mixer was used to  a g ita te  the m ixture. The thermocouples were connected 
to  the datalogger (which was exposed to  normal room tem perature, 
approximately 25 *C). The water tem perature measurement was made 
quickly, a to ta l  of 100 times (ten  re p e tit io n s  with each of the ten  
thermocouples), in approximately 10 seconds.. The t e s t  was performed 
three tim es. The average tem perature (fo r 100 read ings), fo r each 
t r i a l ,  was 0.2 *C. The standard dev ia tion  between thermocouples was 
le ss  than 0.01 K, and the standard  dev ia tion  between re p e tit io n s  was 
0.02 K.
This t e s t  was a lso  performed th ree  times in b o ilin g , ag ita ted  
d i s t i l l e d  water. The average tem perature was 99.4 *C. The standard 
dev ia tion  between thermocouples was 0.12 K, and the standard dev iation  
between re p e titio n s  was 0.13 K.
Based on these measurements a t  the freezing  and b o ilin g  po in t of 
water, and the m anufacturer's sp e c if ic a tio n s , i t  is  believed th a t the 
temperature measurement system, under these t e s t  cond itions, was
45
accurate to  w ithin 0.5 K, with a p rec ision  (expressed as a standard 
deviation) o£ approximately 0.15 K.
Data A cquisition
Datalogger Programming
The datalogger was programmed to  measure the 40 s o i l  tem peratures 
(£ive depths in  e igh t p lo ts )  and to  s to re  hourly values and d a ily  
extremes in  memory. A measurement scan was in i t ia te d  every 30 s .  A 
scan consisted  o£ fiv e  re p e tit io n s  of the 40 measurements. The £ive 
readings fo r each of the 40 tem peratures were then averaged. This f iv e -  
reading averaging scheme was intended to  increase p rec ision  and decrease 
the p o s s ib i l i ty  th a t unusual extreme tem peratures might be recorded due 
to  noise or tra n s ie n ts . On the  hour, the five-read ing  average for each 
s o i l  temperature was sto red  in the d a ta lo g g er 's  f in a l memory. At 
midnight, the average, maximum, minimum, time of the maximum, and time 
of the minimum, of each of the  40 s o i l  tem peratures were a lso  sto red  in 
f in a l memory. These d a ily  extremes were se le c te d . from among every 30 s 
reading for the 24 h.
Data C ollection  and Archival
Every four or fiv e  days, the data th a t  were sto red  in  the f in a l 
memory of the datalogger were tran sfe rred  to  a c a sse tte  tape recorder 
and sto red  on tape using Campbell S c ie n t i f ic 's  Format I I  data  format. 
(See, CR7 Measurement and Control System In stru c tio n  Manual, Campbell 
S c ie n tif ic , 1984).
The raw data were tran s fe rred  from the c a sse tte  tape to  floppy 
d isk e tte  on an IBM Personal Computer (IBM Corporation, Boca Raton,
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F lo rid a ). An in te rface  (model PC-201, Campbell S c ie n tif ic )  was 
connected between the microcomputer s e r ia l  p o rt and the c a sse tte  
recorder output jack . Commercial softw are (Tape Read, Version 3, 
Campbell S c ie n t if ic ) ,  was used to  con tro l the data  tra n s fe r . A computer 
program was w ritten  in BASIC to  s o r t  the raw data  and c rea te  2 
sequen tia l f i l e s  fo r each day. One f i l e  contained the hourly s o i l  
tem peratures for a l l  40 thermocouples. The other f i l e  contained the 
d a ily  extremes—maximum, minimum, time of maximum, time of minimum, and 
average tem perature—for a l l  40 thermocouples. These sequen tia l f i l e s  
were sto red  on floppy d isk e tte s . The raw d a ta , sto red  on c a sse tte  tape , 
were re ta ined  as a backup source of the data  in  case of acc iden ta l 
erasure of the d isk e tte s .
SOIL MOISTURE MEASUREMENT 
Various methods of s o i l  m oisture measurement were considered. The 
gravim etric technique was considered to  be too labor in ten siv e , and 
repeated s o i l  sampling would tend to  r id d le  the p lo t with ho les, which 
might a f fe c t  the heat tra n s fe r  and moisture tra n s fe r  c h a ra c te r is t ic s  of 
the s o i l  p ro f i le .  E le c tr ic a l conductiv ity  techniques (such as gypsum 
blocks) were considered to  be too u n re liab le . The neutron probe method 
was eventually  se lec ted  because: 1) repeated measurement would be non­
d estru c tiv e  to  the s o i l  in  the  p lo t ,  2) measurements could be made 
re la t iv e ly  e a s i ly  a t  regu lar in te rv a ls  of depth in each p lo t,  3) the 
measurements would be r e la t iv e ly  r e l ia b le  and repeatab le  since they 
involve time and space averaging, and 4) the technique would provide 
volumetric moisture conten t, as d esired .
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Meutron-Rr.oije
D escription
S oil moisture was measured using a neutron probe (Hydroprobe Neutron
Moisture Gage, model 503DR, Campbell P ac ific  Nuclear Corporation,
\
Pacheco, C a lifo rn ia ) . The probe contained a rad io ac tiv e  source of fa s t  
neutrons and a  thermal neutron d e te c to r, which can be lowered in to  a 
hole in  the s o i l .  The fa s t  neutrons are slowed by c o llis io n s  with 
nuclei of m atter in  the s o i l .  The nucleus of hydrogen, having the same 
mass as the neutrons, causes the f a s t  neutrons to  lose a r e la t iv e ly  
large  amount of energy upon c o llis io n ; whereas, almost a l l  other 
elements in the s o i l  have much more massive nuclei and have very l i t t l e  
e f fe c t  on the energy of the f a s t  neutrons upon c o l l is io n . High 
concentrations of hydrogen r e s u l t  in  a dense f ie ld  of thermal neutrons, 
which would be detected  by the probe. Hence, the presence of hydrogen
or water in  the s o i l  would be d ire c tly  re la te d  to  the number of therm al.
neutrons counted in  a given increment of tim e.
S o il m oisture is  normally measured by lowering the source/detecto r 
in to  a hole in  the s o i l ,  which is  often  bored and cased with an aluminum
access tube (5.08 cm or 2 inch nominal d iam eter). Once positioned a t  a
se lec ted  depth, a count is  In i t ia te d . During the se lec ted  time 
in te rv a l , the thermal neutrons are  counted and the count is  divided by 
the  standard  count (which i s  taken with the sou rce /de tec to r w ithin a wax 
sh ie ld  inside the instrum ent housing). A lin e a r  c a lib ra tio n  is  applied 
to  th is  r a t io  to  express the moisture content in  the desired  u n its  of 
measure which are displayed on the Instrum ent.
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Calibration
A check of the fac to ry  c a lib ra tio n  of the instrument in  the s o i l  a t  
the research  p lo ts  was made. Vhen aluminum access tubes (122 cm long, 
5.08 cm in  diameter) were in s ta l le d , the s o i l  th a t was removed was 
divided in to  15.24 cm lengths and returned to  the labora to ry , where 
these subsamples of s o i l  were weighed and d ried  in  an oven (a t 104 'C 
for 26 h ) . Based on these d a ta , the bulk d ensity  and volumetric 
moisture content was computed for each subsample from each p lo t.  In 
add ition  to  these gravim etric measurements, the neutron probe was read 
in  each p lo t as soon as each access tube was in s ta l le d .
The lev e ls  of moisture measured using the two methods are  l is te d  in 
Table 2. For most a p p lica tio n s , the d iffe rences are  neg lig ib le  and the 
fac to ry  c a lib ra tio n  would be accep tab le . For ad d itio n a l accuracy, the 
c a lib ra tio n  data  co llec ted  as reported  above was used to  determine a 
s l ig h t  co rrec tion  fac to r (fo r the se lec ted  s o i l  using the factory  
c a lib ra tio n  co n stan ts). These adjustm ents were applied to  a l l  measured 
s o i l  moisture values reported  in  th is  d is s e r ta t io n . The deriva tion  of 
the adjustment fac to rs  i s  presented in  Appendix 2.
Measurements
For these experiments, the  probe was read in  each p lo t a t  depth 
in te rv a ls  of 15.24 cm, s ta r t in g  a t  a depth of 15.24 cm, using a 16 s 
count, and the fac to ry  c a lib ra tio n  constan ts , with the measurement 
expressed as volume of m oisture per u n it volume of s o i l  (volumetric 
moisture con ten t, d im ensionless). The access tubes were open a t  the 
bottom and a d istance  of 25 cm was allowed between the water level in 
the tube and the deepest reading to  prevent damage to  the probe.
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TABLE 2.
COMPARISON OF SOIL MOISTURE MEASUREMENT 
METHODS: NEUTRON PROBE VERSUS 
GRAVIMETRIC METHOD
Depth,
cm P lo t
Soil Moisture Content, a 
by volume
Neutron Probe b Gravimetric
15.24 1 0.3504 0.3300
2 0.3581 0.3350
3 0.3513 0.2980
4 0.3544 0.3360
5 0.2958 0.2865
6 0.3445 0.3260
7 0.3501 0.3300
8 0.3350 0.2995
30.48 1 0.3744 0.3685
2 0.3761 0.3850
3 0.3783 0.3690
4 0.3945 0.3900
5 0.3681 0.3545
6 0.3680 0.3605
7 0.3786 0.3705
8 0.3629 0.3515
45.78 1 0.3775 0.3790
2 0.3635 0.3790
4 0.3861 0.4060
5 0.3776 0.3860
6 0.3727 0.3760
7 0.3761 0.3775
8 0.3642 0.3730
60.96 1 0.3795 0.3774
2 0.3705 0.3775
4 0.3862 0.3783
5 0.3762 0.3836
6 0.3722 0.3787
7 0.3743 0.3760
8 0.3616 0.3690
76.20 5 0.3870 0.3858
7 0.3780 0.3779
a Measurements made on Ju ly  8, 1985. 
b Unadjusted readings using the fac to ry  c a lib ra tio n .
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Following the deepest allow able reading, the probe was ra ised  and the 
measurements were repeated , s ta r t in g  from the top .
S oil moisture was measured 8 times during the study. Average values 
for se lec ted  days are  l is te d  in  Table 3. Id ea lly , the measurements 
would have been made more o ften , but the a v a i la b i l i ty  of the instrument 
was lim ited . Average s o i l  m oisture in  each p lo t was computed as the 
average of the ad justed  probe readings a t  the 15.24, 30.48, and 45.72 cm 
depths. For reference, note the raw data th a t was read on August 27, 
1985, consisting  of the unadjusted probe readings (using the fac to ry  
c a lib ra tio n  co n stan ts), as l is te d  in  Appendix 3.
OTHER SOIL PROPERTY MEASUREMENTS
In add ition  to  s o i l  m oisture, the o ther p roperties which a ffe c t 
thermal d if fu s iv ity  a re  bulk d en s ity , p a r t ic le  d en sity , organic m atter, 
and quartz con ten t. Techniques used to  measure bulk density  and quartz 
content are  described below. A rep resen ta tiv e  value of p a r tic le
3
d en sity , 2.65 g/cm , was assumed (Brady, 1974, p . 50). Organic matter 
content of th is  s o i l  is  c h a ra c te r is t ic a lly  low (assumed to  be 3 percent 
or le ss)  and was neglected.
Bwlh Pens I ty.
Measurements of bulk d en sity  of the s o i l  a t  the t e s t  s i t e  were made 
using core samples taken when the neutron probe access tubes were 
in s ta l le d . The core samples were taken using a hydraulic s o i l  sampling 
machine (model GSRPST, Giddings Machine Company, Fort C o llin s , Colorado) 
with a c y lin d ric a l sampling tube and c u ttin g  head. The diameter of the 
core was 4.21 cm, there fo re  the volume of a 15.24 cm long subsample was
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TABLE 3.
AVERAGE SOIL MOISTURE CONTENT 
FOR SELECTED DAYS
Group b
Days 
in 
Group c
Day of . 
Measurement
Average S oil Moisture Content,3 
by volume
P lo t 1 P lo t 2 P lo t 4 P lo t 7
1 191 - 196 189, 197 e 0.363 0.361 0.373 0.365
2 203 -  204 204 0.364 0.371 0.377 0.365
3 220 -  222 225 0.369 0.369 0.372 0.369
4 234 -  235 239 £ 0.374 0.371 0.379 0.373
5 238 -  244 239 0.374 0.371 0.379 0.373
a Average of probe readings a t  15.24, 30.48, and 45.72 cm, in  each 
p lo t ,  adjusted  for s o i l  a t  the t e s t  s i t e ,  see Appendix 2.
b Group number re fe rs  to  the groups of consecutive days compared.
c Days w ithin each group, day of the year, 1985.
^ Day of moisture measurement, day of the year, 1985.
e Measurements on two days were averaged for group 1.
£ Measurements on day 239 were the best av a ilab le  fo r group 4, the 
m oisture content was probably somewhat le ss  since 8.5 mm of pre­
c ip i ta t io n  occurred on days 236 and 237.
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3
212.15 cm . The bulk d en sity  was computed by d iv id ing  the oven-dry 
weight of the sample by the volume. S o il near the surface (and a t  the 
top of the core sample) was loose, there fo re  the exact volume and bulk 
d en sity  of these subsamples could not be determined. Moisture 
conditions a t  the time of sampling were such th a t  l i t t l e  or no 
compaction of the s o i l  in the core sample tube was observed.
Bulk d ensity  values computed for depths below 5.08 cm in each p lo t 
a re  l is te d  in  Table 4. The average value of bulk d en sity  fo r each p lo t 
was computed as the average value of the measurements a t  depths: 5.08 to 
15.24 cm, 15.24 to  30.48 cm, and 30.48 to  45.72 cm, as l is te d  in  Table 
4.
Quartz Content
Analysis of the quartz  conten t was sim plified  by the following 
assumptions: 1) quartz  content should ex h ib it only a s l ig h t  random
v a ria tio n  from p lo t to  p lo t, 2) the quartz content of the c lay  frac tio n  
is  e s s e n t ia lly  zero , and 3) the quartz  content of the s i l t  and sand 
frac tio n s  is  dependent upon the parent m ateria l and is  independent of 
p a r t ic le  s iz e  and horizon. With these  assumptions, the quartz  content 
of a s o i l  sample could be computed i f  the following were known: 1) the 
sand and s i l t  content in  the  sample, and 2) the quartz  f ra c tio n  of the 
sand and s i l t .
P a r t ic le  Size Analysis
P a r t ic le  s iz e  analy sis  measures the d is tr ib u tio n  of the diam eter of 
the so lid s  in  a s o i l  sample, allow ing for determ ination of the frac tio n s  
of sand, s i l t ,  and c lay . Analysis was performed as ou tlined  below on
TABLE 4.
BULK DENSITY OF SOIL SAMPLES
3
Bulk Density, g/cm
Depth, cm P lo t 1 P lo t 2 P lo t 3 P lo t 4
5.08 -  15.24 
15.24 -  30.48 
30.48 -  45.72
1.450
1.631
LlSO.2
1.568
1.563
1,45.7.
1.496
1.619
1.491
1.491 
1.606 
1.,.5.6.3.
(p lo t average) 1.528 1.529 1.535 1.553
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each of the subsamples taken during neutron probe access tube 
in s ta l la t io n .  The sand, s i l t ,  and c lay  contents of each subsample are 
l i s te d  in  Table 5.
Sample p repara tion . Each subsample vas d ried , ground, and passed 
through a 2 mm siev e . A 25 to  40 g portion  of the s o i l  vas placed in a 
250 ml g lass ja r  with 125 ml of d i s t i l l e d  water and 50 ml of a ten  
percent so lu tio n  of Na(POj)g, a d ispersing  agent. This mixture vas 
allowed to  a g ita te  overnight in  a rec ip roca ting  shaker. Combination of 
the a g ita t io n  and the e ffe c ts  of the d ispersing  agent vas assumed to  
have broken the s o i l  in to  elementary p a r t ic le s .
Sand se p a ra tio n . The sand frac tio n  of the s o i l  suspension vas 
separated by pouring the suspension through a 50 Pm sieve and by washing 
the s i l t  and clay  p a r t ic le s  through the sieve with a j e t  of d i s t i l l e d  
water from a wash b o tt le .  The d i s t i l l e d  w ater, s i l t ,  and c lay  were 
co llec ted  in a 1000 ml sedim entation cy lin d er. A dditional d i s t i l l e d  
water was added to  the cy linder to  f i l l  i t  to  the 1000 ml le v e l. The 
sand which remained on the sieve  was rinsed  in to  a weighing d ish , oven- 
d ried , and i t s  dry weight measured.
Sedim entation. The s i l t  and c lay  frac tio n s  were measured using 
sedim entation techniques based on S toke 's Lav, with readings of the 
hydrometer (American Society fo r T esting M ateria ls, ASTM, number 152H) 
a t  8, 10, and 12 hours a f te r  a g ita tio n  and suspension of the p a r t ic le s  
of s o i l  in the cy linder. During the suspension period , the cy linders 
were immersed in  a water bath maintained a t  20 'C . A standard procedure 
given by Day (1965) was followed.
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TABLE 5.
PARTICLE SIZE DISTRIBUTION 
OF SOIL SAMPLES
P lo t Depth, cm
Fraction
P a r tic le
of Soil Solids in  Each 
Size C la s s if ic a tio n , 
by weight
Sand, 
0.05 -  2 mm
S i l t ,
2 -  50 Hm
Clay, 
< 2 Hm
1 5.08 -  15.24 0.258 0.508 0.234
15.24 -  30.48 0.308 0.449 0.242
30.48 -  45.72 JL.32& 0.395 0.,.2.8.9.
(p lo t average) 0.301 0.451 0.248
2 5.08 -  15.24 0.305 0.474 0.221
15.24 -  30.48 0.171 0.485 0.343
30.48 -  45.72 Q_i212 0.446 0,280.
(p lo t average) 0.250 0.468 0.281
4 5.08 -  15.24 0.287 0.470 0.243
15.24 -  30.48 0.198 0.501 0.301
30.48 -  45.72 0,19.4 Q.tSM. 0,902,
(p lo t average) 0.226 0.492 0.282
7 5.08 -  15.24 0.330 0.422 0.249
15.24 -  30.48 0.219 0.478 0.303
30.48 -  45.72 0,210 0.474 0.309
(p lo t average) 0.255 0.458 0.287
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Quartz-Analysls
The quartz  content of a sample vas measured by id en tify ing  and 
counting the number of quartz  and nonquartz p a r t ic le s  v is ib le  under a 
petrographic microscope (model 73481 v ith  1.25X in te rn a l len s; with 
model 10150 objective len s; l ig h t  p o la rize r; and 10X eyepiece; Nikon 
Incorporated, Garden C ity , New York). Quartz p a r t ic le s  were id e n tif ie d  
by th e ir  shape and co lo r, using a method described by Cady (1965, pp. 
604-631). Approximately 300 grains were counted per sample. The quartz 
content vas computed as the r a t io  of the number of quartz g rains to  the 
to ta l  number of grains counted.
S lides vere prepared by sp rink ling  a small amount of very fin e  sand 
p a r t ic le s  on a g lass s l id e ,  by v e ttin g  the p a r t ic le s  v ith  tvo drops of a 
d if f ra c tio n  o i l  ( c e r t if ie d  index of re fra c tio n  l iq u id , n = 1.544, R.P. 
C arg ille  L aboratories, Incorporated, Cedar Grove, Nev Je rse y ), and by 
placing a s lid e  cover over the vetted  p a r t ic le s .  Very fine  sand 
(diameter from 50 to  100 J*m) vas the predominant subclass of the sand 
p a r t ic le s  in  th is  s o i l .  A subclass, such as th i s ,  vas separated and 
used in  the analy sis  to  provide a uniform medium for s l id e  cover 
mounting.
The microscopic an a ly sis  vas performed on nine samples of s o i l ;  
th ree  random samples, from each of the fo llov ing  depths: 5.08 to  15.24 
cm, 15.24 to  30.48 cm, and 30.48 to  45.72 cm. The re s u l ts  a re  given in 
Table 6. The uniform ity of the quartz content is  apparent. Observed 
d iffe ren ces of ten  percent or le s s , such as th ese , can be a ttr ib u te d  to  
counting e rro r . The average quartz content of the very fine  sand 
analyzed vas 0.433, v ith  a standard dev iation  of 0.02.
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TABLE 6.
QUARTZ ANALYSIS OP SOIL SAMPLES
Grain Count Quartz F raction ,
Depth, cm T ria l Quartz Other by veight
5.08 -  15.24 1 138 345 0.400
2 137 305 0.449
3 155 343 0,45?
(average) 0.434
15.24 -  30.48 1 96 220 0.436
2 147 355 0.414
3 98 213 0,450'
(average) 0.437
30.48 -  45.72 1 168 389 0.432
2 126 284 0.444
3 150 363 0-413
(average) 0.430
o vera ll average: 0.433
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SUMMARY
Soil tem perature was measured a t  5 depths in e ig h t p lo ts  a t  the Ben 
Hur Research Farm, during the period £rom May 28 to  October 18, 1985. 
Hourly tem peratures and d a ily  extremes were recorded using an e lec tro n ic  
data logger. Data were archived on microcomputer floppy d isk e tte s . Soil 
moisture was measured p e rio d ica lly  using a  neutron probe. Measurements 
were a lso  made of the bulk d en s ity , p a r t ic le  s ize  d is tr ib u tio n , and 
quartz  content of the s o i l .  Using these d a ta , the thermal d if fu s iv ity  
was computed and analyzed.
CHAPTER IV. 
ANALYTIC PROCEDURE
APPARENT THERMAL DIFFUSIVITY 
Heat Conduction Model 
The apparent thermal d if fu s iv i ty  of a s o i l  was computed using 
d iu rn a l s o i l  tem perature d a ta . The computations vere derived from heat 
conduction theory , in  which the s o i l  is  assumed to  be a homogeneous, 
iso tro p ic , se m i- in f in ite  medium with heat conduction occurring in  the 
v e r t ic a l  d ire c tio n  only. The surface temperature v a ria tio n  was 
represented  as the superposition  of two periodic  functions (annual and 
d iu rn a l) using two Fourier s e r ie s .  Given these assumptions, the steady- 
s ta te  period ic  so lu tio n  of the heat conduction equation, which was given 
e a r l ie r  as Equation 6, is :
T (z ,t)  = Tm
** K+ E { A exp[-z(w /2«) J _ , an ann=i
s in (w t  -  P -  z(w /2«)*) } an an an
* V  Adneltpl"z,wdn/2 “)*1 n=l
• s in [w dnt  -  Pdn-  z(wdn/2cc)*J } . (6)
The s o i l  tem perature, T (z , t ) ,  can be considered as the sum of two 
components—the average d a ily  temperature a t  a given depth for a
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given day of the year, and the d iu rnal dev ia tion  from th a t average 
tem perature a t  a given depth fo r a p a rtic u la r  hour of the day. 
Mathematically,
T (z ,t)  = Ta ( z , t a ) + T j ( z , td ) , (14)
where, T = d a ily  average s o i l  tem perature, K, 
t_  = tim e, day of the year, d,O
Tj = d iu rna l dev ia tion  from the average d a ily  
s o i l  tem perature, K, 
t j  = time, since m idnight, h.
E x p lic itly , the average d a ily  s o i l  temperature a t  any depth is  given by 
the f i r s t  two terms in  Equation 6 using a f in i te  Fourier s e r ie s :
where, N = number of harmonics in  the Fourier s e r ie s  rep resen ta tion
of the annual v a ria tio n  in  s o i l  tem perature, dim ensionless, 
« = rep resen ta tiv e  value of the annual apparent thermal 
d i f fu s iv ity ,  cm*/d.
• s i n l w t  -  P -  z(w /2«  )*] } ,an a an an a (15)
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Likewise, the d iu rnal dev ia tion  is  given as the l a s t  term in Equation 
6 :
“ V  AdneItpt' z(*dn/ 2*a1’11 n=l
• s U , , 'dnt (3 ‘  Pdn~ ztwdn/ 2 ,d>*1 1 '  1161
where, M = number o£ harmonics in the Fourier s e r ie s  rep resen ta tion
o£ the d iu rnal v a ria tio n  in s o i l  tem perature, dim ensionless, 
= rep resen ta tive  value o£ the d a ily  apparent thermal 
d i££usiv ity  of the s o i l ,  cm*/h.
Four computational techniques for the determ ination of were 
derived from Equation 16, as described below.
Computational Techniques 
From a review of the l i te r a tu r e ,  several methods for computing 
from observations of the d iu rn a l s o i l  tem perature, Td ( z , t^ ) ,  were 
noted. The amplitude and phase equations were the sim plest methods and 
employed e x p lic i t  expressions for « j. Im p lic it expressions derived 
from numeric and an a ly tic  so lu tions to  the heat conduction model 
required  ad d itio n a l computation and input da ta ; however, th e ir  re s u lts  
seemed to  be more re l ia b le  than the simpler methods. In th is  study, an 
im p lic it technique was developed which used nonlinear regression  
a n a ly s is . The method w ill be re fe rred  to  a s:
The nonlinear regression  (NLREG) method, 
and i t  w ill  be compared to  th ree  simpler methods:
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1) The amplitude equation (AMPEQ),
2) The phase equation (PHASE), and
3) The log amplitude reg ression  (LAREG) method.
Nonlinear Regression (NLREG) Method
Equation 16 is  a nonlinear expression for d iu rnal s o i l  temperature 
as a function of depth and tim e, with parameters: apparent thermal 
d if fu s iv ity ,  and the Fourier constan ts Afln and P^n for each of the H 
harmonics. These unknown parameters can be estim ated given 
observations of V  z '  and t^ .
Horton e t  a l .  (1983) estim ated the Fourier constants using s o i l  
temperature data from the 1 cm depth. They se lec ted  the value of «d 
which minimized the sum of squared d ifferences between the measured 
s o i l  tem peratures a t  severa l depths and the predicted s o i l  tem peratures 
(using Equation 16 and a given value of otj). They did not rep o rt how 
the sum was minimized in  order to  find  the "best" value of
The approach reported in  th i s  d is s e r ta t io n  is  somewhat s im ila r to  
th a t  of Horton e t  a l .  (1983). Instead of estim ating the Fourier 
constants on a subset of the d a ta  (a t  the upper boundary as in Horton 
e t  a l . ,  1983), a l l  of the model param eters, including and a l l  
Fourier constan ts , were estim ated using the e n tire  m ulti-depth s o i l  
temperature d a ta se t. Nonlinear regression  analysis was performed where 
the dependent variab le  was Td , the independent va riab les  were z and t^ , 
and the parameters were A^n (n -  1 to  N), and Pdn (n = 1 to  M).
The model was defined a s :
where, 1 = observation number, and
= random e rro r assoc ia ted  with Tg
Input d a ta . The NLRB6 method was performed on £ive groups o£ s o i l  
temperature d a ta . For each day w ithin a group, the data was c la s s if ie d  
by the following v a riab le s :
1) P lo t: numbers 1, 2, 4, and 7.
2) Depth: 2 .5 , 5 .0 , 15.0, 25.0, and 30.0 cm.
3) Hour: 0, 1, 2 , . . . ,  23.
For any given day, there  were (4)(5)(24) = 480 observations o£ s o i l  
tem perature, T (z , t ) .
The dependent variab le  in  the reg ression , the d iu rnal dev iation  in  
s o i l  tem perature, T ^ (z ,td ), was computed from the raw data  by 
sub trac ting  the average d a ily  s o i l  tem perature a t  the given depth, from 
the observed hourly value, T ( z , t ) .
I t  was theorized  th a t  evaporation and drainage might r e s u l t  in  a 
s ig n if ic a n t d ifference  between the thermal d if fu s iv i ty  of the s o i l  in a 
layer near the surface and the  s o i l  below. I f  th is  upper layer 
included the 2.5 cm depth, then the 2.5 cm s o i l  temperature might not
f i t  the same d iu rnal p a tte rn  as the s o i l  tem peratures a t  the other
depths. To te s t  th is  p o s s ib i l i ty ,  the s o i l  tem perature d a ta se ts  were 
fu rth er c la s s if ie d  and constructed  to  e ith e r  include or exclude the 
observations a t  2.5 cm. These two c la s s if ic a t io n s  were denoted as 1)
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the upper boundary equals 2.5 cm, and 2) the upper boundary equals 5.0 
cm, re sp ec tiv e ly .
The time lag £or transm ission o£ a temperature d isturbance £rom the 
surface  to  the depths below, was considered in the construction  of the 
d a ta se ts . For instance, i f  the maximum temperature a t  a depth of 2.5 
cm occurred a t  hour 14, then the maximum temperature a t  a depth of 30 
cm should occur approximately 8 hours la te r ,  a t  hour 22 (using Equation 
16 with M = 1 and an estim ated nominal thermal d if fu s iv i ty  of 21.6 
cm*/h). Therefore, i f  one period of the s o i l  tem perature v a ria tio n  a t
2.5 cm is  considered to  begin a r b i t r a r i ly  a t  hour 0 and end a t  hour 23, 
then the corresponding period a t  a depth of 30 cm would begin a t  hour 8 
and end a t  hour 7 of the next day. The time lag  would be 8 hours.
Table 7 l i s t s  the computed time lag for each depth with resp ec t to  both 
the 2.5 and 5.0 cm upper boundaries.
Using th is  time lag concept, the d a ta se t for a p a r tic u la r  day 
included the observation of T ^(z ,t^ ) a t  hours 0, 1, 2 , . . . ,  23 a t  the 
upper boundary. However, a t  the  other depths, the observations for 
each hour from 0 to  the hour equal to —one minus the time lag —were 
replaced by the observations for th a t same hour of the next day. In 
th is  way, the d a ta se t contained 24 observations a t  each depth, which 
corresponded to  the transm ission of the same period of the tem perature 
v a ria tio n  a t  the upper boundary, to  the layers of s o i l  beneath. This 
technique was used to  improve the accuracy of the model, given s l ig h t  
day to  day dev ia tions from tru e  p e rio d ic ity . The time lag  co rrec tion  
would have no e f fe c t  on a t ru ly  period ic  temperature v a r ia tio n , since 
each day would be an exact repeat of the previous.
TABLE 7.
COMPUTED TIME LAG CONSTANTS
Depth,
cm
Time Lag,a h
2.5 cm Upper 
Boundary
5.0 cm Upper 
Boundary
2.5 0 -
5.0 1 0
15.0 4 3
25.0 7 6
30.0 8 7
a Computed from Equation 16, using « = 21.6 cm*/h.
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Computation. A s t a t i s t i c a l  an a ly sis  rou tine  was w ritten  in the 
computer language SAS (SAS In s t i tu te ,  Cary, Horth Carolina ) . A 
l i s t in g  o£ the program, in which the upper boundary was 2.5 cm , the 
number of harmonics was two and the input data  was for the period from 
the day 238 to  244 (days of the year, 1985), is  given in  Appendix 4. 
Note th a t  the procedure, PROC NLIN, is  the subroutine which determines 
the estim ate of thermal d i f fu s iv ity  using nonlinear regression  
a n a ly s is . The procedure uses the Marquardt method to  estim ate the 
parameters i te r a t iv e ly ,  s ta r t in g  with the i n i t i a l  estim ates provided by 
the programmer. Subsequent i te ra t io n s  compute new estim ates based on 
the p a r t ia l  d e riv a tiv es  of the dependent v a riab le  with respec t to  the 
param eters. The i te ra t io n  stops when the sum of squared e rro r computed 
with the new parameters (SSE^) is  found to  converge according to  the 
a rb i tra ry  c r i te r io n :  (S S E ^  -  SSE^/iSSE^ + 10”6) < 10”8, where,
SSEj_^ i s  the sum of squared e rro r  from the previous i te ra t io n . For 
a d d itio n a l d e ta i ls  of PROC NLIN see the SAS U ser's Guide, Version 5 
(SAS I n s t i tu te ,  1985, pp. 575-606).
The program was run on a mainframe computer (IBM 3033) operated by 
the Louisiana S ta te  U niversity  System Network Computer Center. Because 
of the cost of computing, the regression  ana ly sis  was only performed on 
a subset of the ava ilab le  d a ta . The program was run using se lec ted  
combinations of the follow ing:
1) 1, 2, 3, 4, 6, or 8 harmonics in the Fourier s e r ie s ,
2) The upper boundary was assumed to  be e ith e r  2.5 or 5.0 cm,
3) Five groups of consecutive days and some indiv idual days were 
se lec ted  for an a ly s is . The days which were se lec ted  a re  shown in Table 
8 .
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TABLE 8.
LIST OF NONLINEAR REGRESSION 
ANALYSES PBRFORHED
Group
Days 
o£ the 
Year 
(1985)
Upper Boundary Number of Harmonics
2.5 cm 5.0 cm 1 2 3 4 6 8
1 191 -* 196 X X X X X X X X
2 203 ■- 204 X X X X X X X X
3 220 -• 222 X X X X X X X X
4 234 •■ 235 X X X X X X X X
5 238 •- 244 X X X X X X X X
245 X X
252 X X
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Amplitude Equation (AMPBQ)
Assuming M = 1 in Equation 16 y ie ld s  a simple sinewave v a ria tio n  in
d iu rna l s o i l  tem perature. The d iu rnal am plitude, A_, a t  any depth, z,z
is  given a s :
Az = Ad lexp[-z(wd/2ccd )*l . (18)
The r a t io  of the amplitudes a t  two depths, z^ and z^, is :
Aj /Aj  = exp[(z2 -  z1)(wd/2«d )^] , (19)
which y ie ld s  the "amplitude equation" given e a r l ie r  as Equation 12:
w .(z0 -  z .)*« = -A .J  L .  ,12)
a 2{Xn(A1/A2) ) 1 .
Computations. Unlike the NLREG method, the AMPEQ method uses an 
e x p lic i t  expression for #d . The equation does not u t i l i z e  hourly s o i l  
temperature da ta , a l l  th a t  is  needed is  the amplitude of the d a ily  s o i l  
temperature v a ria tio n  a t  two dep ths. The amplitude a t  any of the 
depths of measurement in each p lo t was computed as one h a lf  the 
d ifference  between the measured d a ily  maximum and minimum tem perature. 
The d a ily  extremes were recorded by the datalogger as the la rg e s t and 
sm allest of a l l  values from each of the 30 s scans for the e n tire  day. 
A computer program, w ritten  in  BASIC, was run on a microcomputer to  
input from a f i l e  the maximum and minimum tem peratures a t  two depths 
and compute «d using Equation 12, for each p lo t and each day. The
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computation was performed tw ice, using two p a irs  of z^ and z2, and two 
p a irs  of am plitudes. One case—where the upper boundary was assumed to  
be 2.5 cm—used depths 2.5 and 25.0 cm. The other case—where the 
upper boundary was assumed to  be 5.0 cm—used depths 5.0 and 30.0 cm.
Phase .BqwatlonJPHASE).
From Equation 16, assuming M = 1, the time of d a ily  maximum 
tem perature, t  , a t  any depth, z, occurs when the argument of theBaX* Z
sine function equals f /2 , hence
( 2 0 )
which y ie ld s
t max,z = {f/2 + z(vd/2«d )* + Pd l>/wd ( 21 )
The d ifference  in time between the occurrence of the maximum
tem perature a t  two depths, z2 and z^, can be given as
(22)
9
which y ie ld s the "phase equation" given previously:
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(13)
Computation. The time of occurrence of the d a ily  maximum 
tem perature a t  each depth in each p lo t was recorded by the datalogger 
and s to red  on floppy d isk e tte  for se lec ted  days. A computer program, 
w ritten  in  BASIC, was run on the microcomputer to  input th is  data  and 
to  c a lcu la te  «d by Equation 13, for each p lo t and each day. With the 
upper boundary assumed to  be 2.5 cm, the depths used for and z2 were
2.5 and 25.0 cm, re sp ec tiv e ly . With the upper boundary assumed to  be
5.0 cm, the depths used for z^ and z2 were 5.0 and 30.0 cm, 
re sp ec tiv e ly .
Log Amplitude Regression (LARBO) Method
Vierenga e t  a l .  (1969) reported th a t  more re l ia b le  re s u l ts  were 
obtained from the amplitude equation i f  more than two depths were 
considered. Prom Bquation (19), i t  can be shown th a t the logarithm  of 
the amplitude r a t io  a t  two depths is  p roportional to  the d iffe rence  in 
depth:
InfAj/Aj) ■ (z2 -  z1)(wd/2«d),i , (23)
and making the su b s titu tio n
®i * < V 2V *  ' (24)
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y ie ld s :
IntAj/Ag) = (z2 -  zx) • Bx . (25)
G raphically , could be determined as the slope of a p lo t of ln(Aj/A2) 
versus (z2 -  z^) fo r severa l p a irs  of z^ and z2. The thermal 
d if fu s iv ity  could be computed from the slope a s:
"d = V (2<Bi t )  * (26)
A ltern a te ly , an estim ate of B  ^ was made using lin e a r  regression  
an a ly s is , where the dependent v a riab le  was ln(Aj/A2), the independent 
variab le  was (z2 -  z^ ), and the s in g le  parameter was B  ^ (no 
in te rc e p t) . The model is  given as:
ln(A1/A2) i = (z2 -  , (27)
where, i  = observation number, and
= random e rro r  assoc ia ted  with the i ' t h  amplitude 
r a t io ,  ln fA j/A j)^ .
Computations. This method used the same input data  f i l e s  as the 
amplitude equation and phase equation . However, for each a n a ly sis , 
more than two depths were included. A BASIC program was run on the 
microcomputer to  determine from Equation 27 by performing lin e a r  
regression  to  estim ate B^ < With the  upper boundary assumed to  be 2.5 
cm, the reg ression  used nine observations of ln(Aj/A2) where the p a irs  
of z^ and z2 were: 2 .5  and 15.0 cm, 2.5 and 25.0 cm, 2.5 and 30.0 cm,
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5.0 and 15.0 cm, 5.0 and 25.0 cm, 5.0 and 30.0 cm, 15.0 and 25.0 cm,
15.0 and 30 cm, and 25.0 and 30.0 cm. Vith the upper boundary assumed 
to  be 5.0 cm, the regression  did  not use observations which included 
the 2.5 cm depth, hence, only the l a s t  s ix  observations l is te d  above 
were used.
The re s u lts  of the NLREG method w ill be compared with the r e s u lts  
of the AMPEQ, PHASE, and LAREG methods in Chapter V.
THEORETICAL PREDICTIONS 
Estim ates of apparent thermal d if fu s iv ity  were predicted  based on 
measured s o i l  physical p ro p ertie s  using the models given in Chapter II  
as described below. P red ic tions were made for each p lo t,  for the five 
groups of days using values of s o i l  moisture measured during the data 
c o lle c tio n  period.
P red iction  Models
VQlvimettlc..Sp.ectfig Heat.
The volum etric sp e c if ic  heat of the s o i l  was predicted  using 
Equation 7:
c = E { x .c . } . (7)
i 1 1
The c o n s titu e n ts , used in  the computation, were: quartz m inerals, 
nonquartz m inerals, and w ater. The assumed values of volum etric 
sp e c if ic  hea t, Cj, for the co n stitu en ts  are  l is te d  in Table 1. The
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volumetric f rac tio n , x^, of each co n stitu en t was ca lcu la ted  from 
measured physical p ro p ertie s , as discussed in a la te r  sec tion .
Thermal Conductivity
The thermal conductiv ity , or more p rec ise ly , the apparent thermal
conductiv ity  (since vapor d iffu s io n  e ffe c ts  were included) of the s o i l
was predicted using Equation 8:
k = E { x ^ r j  1 /  E C x1r 1 } . (8)
The co n stitu en ts  (and th e ir  su b sc r ip ts ) , used in the computation, were: 
quartz minerals (q ), nonquartz m inerals (m), water (w), and a i r  (a ).
The assumed values of thermal conductiv ity , k^, of the constituen ts are 
l is te d  in  Table 1. The volum etric fra c tio n , x^, of each constituen t 
w ill be discussed in a la te r  se c tio n .
The assumed value of the thermal conductiv ity  of a i r ,  k , waso
dependent upon the s o i l  moisture conten t, due to  vapor d iffu sio n  
e f fe c ts .  As reported by De Vries (1975) the value of k_ equals 0.025
a
V/m-K, plus the add itiona l component of conductiv ity  due to  vapor 
d iffu s io n , kv, which was assumed to  vary l in e a r ly  from zero (a t zero 
moisture content) to  0.0737 V/m*K (a t f ie ld  cap ac ity ). Above f ie ld  
capacity , ky remains constant a t  the leve l of 0.0737 V/m*K.
During the data c o llec tio n  period, s o i l  moisture was measured a t  
conditions near f ie ld  capacity  since time for drainage was always 
allowed to  prevent excessive s o i l  compaction. Hence, for the s o i l  a t  
the t e s t  s i t e ,  f ie ld  capacity  was assumed to  occur a t  a volumetric
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moisture content of 0.389, which was the average measured value during 
the data  c o lle c tio n  period.
The temperature grad ien t r a t io s ,  r^ , were computed using Equation
9:
3
r t  = (1/3) 1 /(1  + (ki /k c -  D g j j  > * (9)
Since the s o i l  m oisture content was a t  or near f ie ld  capacity  
throughout the experiment, the continuous medium was assumed to  be 
w ater, which y ie lded : k = k = 0.570 W/m*K, and r  = 1 .0 . The valuesc w w
of r^  and r^  were computed using the following shape fac to rs  (Kimball 
e t  a l . ,  1976): gq l = gqJ = g ^  = gmJ = 0 .2 , and gq3 = gn3 = 0 .6 . 
S ubstitu ting  these values in to  Equation 9 y ielded : r^  = 0.2060, and r^  
= 0.4633. The value of r ,  depended upon the moisture content (since k,a a
was moisture dependent) and was computed using the following shape 
fac to rs  (Kimball e t  a l . ,  1976): gfll = gfl2 = 0 .1(xw)/(x w s a t )* where 
xw s a t  yias sa^uration  m oisture content (assumed to  be 0.419, based
on the o vera ll average bulk d en sity  measured a t  the t e s t  s i t e ) ;  and g ^
* 1 -  *>al'
Thermal..Pllfigglvlty
Predicted values of apparent thermal d if fu s iv ity  were computed by 
taking the r a t io  of the predicted  values of thermal conductiv ity  and 
volum etric sp e c if ic  hea t.
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Input_Data: Soil Physical P roperties
In order to  make p red ic tio n s of thermal p roperties in each p lo t,
the volum etric composition of the s o i l ,  a t  the time of p red ic tio n , were
computed. Estim ates vere made of x . x , x . a n d  x . These estim atesq m w a
were computed using measured values of bulk d en sity , c lay  fra c tio n
of the to ta l  s o lid s , Fc ; quartz  frac tio n  of the sand and s i l t ,  F^; and
s o i l  moisture con ten t, xtf. In a d d itio n , a p a r t ic le  d en sity  of 2.65 
3
g/cm was assumed; hence, the to ta l  so lid  volumetric f ra c tio n , x , wass
equal to  (D^/2.65) and the p o ro sity , x^, was equal to  (1 - xQ).
Quartz Volumetric Fraction
The d ensity  and mineral content of the s o i l  was assumed to  remain 
constant during the course of the experiment. The value of x^ was 
computed given the quartz content of the sand and s i l t ,  the c lay  
conten t, and the volume of so lid s :
X = F x ( l  -  F ) = F (D ./2.65) (1 -  F ) . (28)q q s c q D c
The assumed values of and Fc for each p lo t were assumed to  equal the
p lo t averages l is te d  in Tables 4 and 5, resp ec tiv e ly . The value of F^
was assumed to  be 0.433 fo r a l l  p lo ts . The computed value of x^ for
each p lo t is  l i s te d  in Table 9.
Wonouartz Mineral Volumetric F raction
The values of xm were computed by sub trac ting  the value of x^ from 
the to ta l  so lid s  volum etric f ra c tio n :
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TABLE 9.
VOLUMETRIC COMPOSITION OF THE SOIL: 
INPUT DATA FOR PREDICTIONS
Fraction of Each C onstituen t, 
by volume
Group P lo t Xq Xm Xv Xa.
1 1 0.188 0.389 0.363 0.060
2 0.180 0.397 0.361 0.062
4 0.180 0.399 0.373 0.048
7 0.181 0.405 0.365 0.049
2 1 0.188 0.389 0.364 0.059
0.180 0.397 0.371 0.052
4 0.180 0.399 0.377 0.044
7 0.181 0.405 0.365 0.049
3 1 0.188 0.389 0.369 0.054
0.180 0.397 0.369 0.054
4 0.180 0.399 0.372 0.049
7 0.181 0.405 0.369 0.045
4 1 0.188 0.389 0.374 0.049
0.180 0.397 0.371 0.052
4 0.180 0.399 0.379 0.042
7 0.181 0.405 0.373 0.041
5 1 0.188 0.389 0.374 0.049
0.180 0.397 0.371 0.052
4 0.180 0.399 0.379 0.042
7 0.181 0.405 0.373 0.041
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The computed value of xr for each p lo t is  l i s te d  in Table 9.
Water Volumetric F raction
Soil m oisture content was measured p e rio d ica lly  during the 
experiment using a neutron probe. For each of the five groups of days 
used for comparison, the average s o i l  moisture content was estim ated 
using the appropria te  neutron probe readings. Average s o i l  moisture 
conten t, xtf, fo r a given day and a given p lo t was found by taking the 
average value of the ad justed  neutron probe readings in the p lo t a t  
depths of 15.24, 30.48, and 45.72 cm, as l is te d  in Table 9.
Air Volumetric F raction
The values of x_, fo r each of the five  se lec ted  groups of days, inO
each p lo t, were computed by su b trac tin g  the volumetric moisture content 
from the p o ro sity , xp :
The computed value of x , for each p lo t,  for each of the se lec tedol
groups of days, is  l i s te d  in Table 9.
P red ictions
The values of x . x .  x . and x„ l is te d  in  Table 9 were used in q ' m r  a
Equations 7 and 8 to  p red ic t the  apparent thermal d if fu s iv ity  fo r five  
se lec ted  groups of days. The computations were performed using
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spreadsheet software on a microcomputer. A program, w ritten  in  BASIC, 
was used to  check the spreadsheet ca lcu la tio n . This program is  l is te d  
in  Appendix 5. The predicted  values w ill be compared with the re s u lts  
of the  NLREG method in  Chapter V.
CHAPTER V.
RESULTS AND DISCUSSION
EVALUATION OP MODEL 
All of the techniques compared in th is  study:
1) NLREG, the nonlinear regression  method,
2) AMPEQ, the amplitude equation,
3) PHASE, the phase equation, and
4) LARBG, the log amplitude regression  method, 
compute thermal d i f fu s iv i ty  from d iu rnal s o i l  temperature d a ta , based on 
a model of heat conduction for the s o i l .  In the following sec tio n , the 
q u a lity  of the s o i l  tem perature data  (which are  the basis for the 
computations) w ill be d iscussed . Also, the theory behind the four 
methods (the heat conduction model) w ill be discussed. Occasionally 
se lec ted  experimental da ta  w ill  be shown in graphic or tabu lar form. 
References to  sp e c if ic  days re fe r  to  the days of the year, 1985.
Experimental E rro r; Soil 
Temperature Measurement
Soil Disturbance
Before discussing  the instrum entation used in the s o i l  temperature 
measurement, another aspect of the accuracy of the measurement w ill be 
addressed—s o il  d istu rbance. Given the h ighest q u a lity  instrum ents, 
measurements of s o i l  tem perature could be meaningless i f  the sensors 
were in s ta lle d  improperly. The a c t of in s ta l l in g  the sensor, and i t s  
physical presence in  the s o i l ,  could a f fe c t  moisture and heat tra n s fe r
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such th a t  the teapera tu re  indicated  by the sensor would not r e f le c t  the 
tru e  teapera tu re  of an ad jacent undisturbed s o i l .
Hass of senso r. Massive sensors (such as theraoae te rs with large 
n e ta l sensing elem ents), with th e raa l p ro p ertie s  and ao is tu re  
c h a ra c te r is t ic s  d if fe re n t from the s o i l  could c rea te  a loca l 
nonhomogeneity in  the s o i l  p ro f i le ,  a ffe c tin g  both heat and mass 
t r a n s fe r .  Thus, the m oisture and temperature p ro f ile s  might be 
d is to r te d  a t  the location  of the sensor.
The sensors used in  th is  experiment were approxim ately 2.5 cm long 
and 4 am in  diameter consisting  of 24 AVG thermocouples p ro tected  by a 
small coating  of epoxy. Sensors having le ss  mass are  not commonly 
a v a ila b le . Unwanted e ffe c ts  due to  the mass of the sensor were reduced 
to  a p ra c tic a l minimum.
V ertica l oath for m oisture. Some s o i l  tem perature measurement 
schemes employ sensors mounted along the length of a rod which is  
in se rted  v e r t ic a l ly  in  the s o i l .  Such methods could a f fe c t  the 
tem perature p ro f ile s  due to  heat conduction from the su rface , down the 
length  of the rod, to  the s o i l .  In ad d itio n , the in te rfac e  between the 
rod and the s o i l  provides a path fo r water to  tra v e l d i re c tly  from the 
surface to  the s o i l  beneath, changing the thermal p ro p erties  and fu rth e r 
d is to r t in g  the heat and mass tra n s fe r  processes in the zone of 
tem perature measurement.
In th is  experiment, the thermocouple wires were routed from the 
lo ca tio n  of the sensor downward to  the bottom of the c y lin d r ic a l hole 
and upward along the opposite w all, as shown in  Figure 5. Although a 
v e r t ic a l  path for the water did e x is t  where the conduit emerged from the 
s o i l ,  th is  path was 15 cm from the loca tion  of the thermocouples. In
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a d d itio n , any m oisture which trav e lle d  down th is  path would be deposited 
a t  the botton  of the hole and would not tra v e l up the wires to  the 
measurement zone. N evertheless, the  in te rfaces  between the w alls of the 
c y lin d r ic a l hole and the replaced s o i l  sample core, were not v is ib le  in 
any of the p lo ts  a f te r  the f i r s t  ra in  following sensor in s ta l la t io n .
S oil p a r t ic le s  seem to  have been deposited along these in te rfa c e s , 
re s to rin g  the continuum of s o i l  aggregation, and e lim inating  any d ire c t  
paths for water to  be conducted from the surface downward.
Soil s t ru c tu re  maintenance. S o ils a re  c h a ra c te r is t ic a lly  noted for 
system atic v a ria tio n s  in  p ro p ertie s  with respect to  depth, dependent 
upon the nature of s o i l  form ation, parent m ateria l, and weathering.
Soil heat tra n s fe r  i s  dependent upon the s o i l 's  mineral con ten t, 
moisture con ten t, pore s tru c tu re , and aggregate s tru c tu re , and is  
therefo re  dependent upon the n a tu ra l v a r ia b i l i ty  and d is tr ib u tio n  of 
these c h a ra c te r is t ic s .  S o il tem perature sensor in s ta l la t io n  could 
destroy the n a tu ra l d is tr ib u t io n  of these s o i l  c h a ra c te r is tic s  in the 
zone of measurement, re s u ltin g  in  system atic measurement e rro r .
In th is  experiment, a core sample of s o i l  was removed, the sensors 
were in s ta l le d  in ad jacen t undisturbed s o i l ,  and the s o i l  sample was 
placed back in to  the ho le. This technique (compared to  digging a p i t  
and then r e f i l l in g  the hole) preserved the depth d is tr ib u tio n  of s o i l  
p ro p e rtie s , and did  not destroy  aggregation and pore s tru c tu re  in  the 
measurement zone. So me d istu rbance occurred where the sample was 
sheared c lean ly  by the c u ttin g  head, but the e ffe c ts  should be minimal, 
since the in te rfac e  seemed to  disappear very quickly through the 
deposition  of s o i l  p a r t ic le s  and the reform ation of aggregates.
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The sensor configuration  and in s ta l la t io n  Method used in th is  
research  was designed to  Minimize s o i l  d isturbance and preserve the 
n a tu ra l c h a ra c te r is t ic s  of the s o i l ,  in  order to  insure th a t 
Measurements of tem perature correspond to  the  ad jacen t undisturbed and 
uninstrumented s o i l .  This i s  e s se n tia l  to  the accurate measurement of 
thermal d if fu s iv i ty  by an a ly sis  of s o i l  tem perature da ta .
Measurements
Temperature. The accuracy and p rec ision  of the datalogger and 
thermocouple tem perature measurement system was te s te d  in  the 
labo ra to ry , as discussed in  Chapter I I I .  The high degree of p recision  
of the tem perature measurement, or the sm all v a ria tio n  among repeated 
measurements, has a lso  been observed in  the  f ie ld  measurements. Soil 
tem perature, measured a t  depths of 15 and 25 cm on days 243 and 244 are 
shown in  Pigure 6. Note the c la r i ty  of the system atic v a ria tio n  in s o i l  
tem perature, even a t  the 25 cm depth where the amplitude is  
approximately 1.5 K. The apparent lack of s c a t te r  about th is  
d e te rm in is tic  p a tte rn  of s o i l  tem perature confirms the laboratory  
te s tin g  in  which the p rec is io n  of the instrum ent and sensor was 
estim ated to  be 0.15 K, expressed as a standard d ev ia tion . The 
accuracy, or d iffe rence  between measured s o i l  temperature and tru e  known 
s o i l  tem perature, has not been f ie ld  te s te d . In the labo ra to ry , the 
system measured the bo iling  and freezing  point of water to  w ithin 0.5 
K. This te s tin g  was assumed to  be s u f f ic ie n t  since the a n a ly tic  methods 
are  based on amplitudes or d iffe ren ces  in  s o i l  tem peratures not on the 
abso lu te  tem perature; hence, accuracy is  le ss  important than the 
p rec is io n .
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Figure 6.
Soil temperature for days 243-244, 1985, Plot 2. Note 
the clarity of the systematic variation in soil temperature, 
reflecting the precision of the measurement system.
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Time. E rrors in the aeasurenent of tin e  a re  not considered to  be 
s ig n if ic a n t . The datalogger incorporates an e le c tro n ic  clock, which is  
ty p ic a lly  re l ia b le ,  accu ra te , and p rec ise . The tin e  displayed by the 
datalogger was observed to  agree with lo ca l standard t in e  over a period 
of severa l nonths, and the assumed precision  (of much le ss  than 1 
n inute) is  more than acceptable fo r these analyses in which temperatures 
a re  recorded hourly.
Dep th . Measurement e rro rs  due to  inaccuracy of depth measurement or 
thermocouple placement, cannot be ignored. Such e rro rs  w ill a f fe c t  the 
a n a ly tic  determ ination of the apparent thermal d i f fu s iv ity  in th ree  
ways.
F i r s t ly ,  consider an id ea l homogeneous s o i l .  Suppose ^temperatures 
were measured a t  5, 15, 20, and 25 cm, and the data  were Inputted to  the 
heat conduction model. I f ,  however, the sensor which was assumed to  be 
located a t  15 cm, was a c tu a lly  located a t  12 cm, then the measured 
amplitude of the temperature v a ria tio n  (a t  12 cm) would be la rger than 
the predicted amplitude a t  15 cm fo r a homogeneous s o i l .  The 
d ifferences between the observed and pred icted  tem peratures for th is  
sensor would be sy stem atica lly  la rg e r than the other sensors, ind icating  
an apparent nonhomogeneity of the s o i l  p ro p erties  a t  th a t  depth.
Secondly, consider a system atic e rro r  in  depth measurement in which 
a l l  thermocouple depths were a c tu a lly  2 cm le s s  than measured. Assume, 
however, th a t the d ifference  in depth between the thermocouples was 
accu ra te ly  measured. Such e rro rs  would not e f fe c t  the determ ination of 
thermal d if fu s iv ity  since the r e la t iv e  magnitude of the amplitude a t
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each depth would agree with the model. Such e rro rs  would, however, 
a f fe c t  the estim ation of the surface tem perature Fourier c o e ff ic ie n ts .
Thirdly , a system atic e rro r  could occur in  which there  was an e rro r 
in  the measurement of the d ifference  in  depth between one group of 
thermocouples and another group below. Such e rro rs  would a f fe c t  the 
measurement of thermal d if fu s iv ity  since the re la tiv e  magnitude of the 
amplitudes a t  d if fe re n t depths would d if f e r  from those p red ic ted . This 
e rro r  would be evident as a system atic d ifference  in  the determ ination 
of the apparent thermal d if fu s iv i ty  of one p lo t,  compared to  another 
p lo t in  which the thermocouples were accu ra te ly  placed.
The p o s s ib il i ty  of these e rro rs  was evident during experimental 
design, and the thermocouple placement technique, using the sp e c ia lly  
b u i l t  thermocouple placement to o l, was designed to  in s ta l l  the 
thermocouples a t  p recise  and accurate loca tions below the su rface .
V alid ity  of Heat Conduction Model 
Heat conduction theory has o ften  been applied  to  model heat tra n s fe r  
a t  the s o i l  su rface . The model incorporates th ree  assumptions which may 
not be va lid  in  a l l  cases of s o i l  heat tra n s fe r :
1) The medium is  homogeneous,
2) The surface tem perature is  p e riod ic , and
3) Conduction is  the so le  mode of heat tra n s fe r .
These assumptions w ill be discussed and experimental data  and re s u lts  
from the nonlinear regression  (NLREG) method w ill be used to  i l lu s t r a te  
the v a lid i ty  (or lack of v a lid ity )  of each assumption.
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Homogeneity
The heat conduction model assumes the s o i l  p roperties  are  
homogeneous with respect to  space and tim e. Areal v a ria tio n s  in  s o i l  
p ro p ertie s , ( th a t i s  v a ria tio n s  from one location  to  another w ithin a 
given f ie ld )  can be expected. Normally, these v a ria tio n s  a re  s l ig h t  and 
would not upset the one dimensional c h a ra c te r is t ic  of s o i l  heat 
tra n s fe r . Random v a ria tio n  of measured thermal d if fu s iv ity  from p lo t to  
p lo t due to  such nonhomogeneity could occur, although th is  v a ria tio n  is  
expected to  be sm all. Note, the p lo t to  p lo t v a ria tio n  in  bulk d en sity , 
c lay  con ten t, and m oisture content l i s te d  in  Appendix 6. This 
v a r ia b i l i ty  of s o i l  p ro p erties  from p lo t to  p lo t would re s u l t  in a 
v a r ia b i l i ty  of the pred icted  thermal d if fu s iv ity  of 0.25 cm*/h 
(expressed as standard d ev ia tio n ), see Appendix 6.
The assumption th a t s o i l  p ro p erties  are  constant with resp ec t to  
time is  not s t r i c t l y  v a lid . S o il p roperties  change from season to  
season. P ropertie s can change abrup tly  due to  t i l l a g e ,  p re c ip ita tio n , 
and drainage. Aside from t i l l a g e  events and periods of rapid  
i n f i l t r a t io n  or drainage, however, s o i l  moisture and other p ro p erties  
change slowly in  tim e. In many cases, the assumption th a t s o i l  
p roperties a re  constant over a given day or over a group of consecutive 
days, is  v a lid .
The assumption th a t s o i l  p ro p erties  a re  homogeneous with resp ec t to  
depth must be considered c a re fu lly . The d ifference  in s o i l  p roperties 
from one horizon to  another may be s ig n if ic a n t for some s o i ls  and 
nonexistent for other s o i l s .  Normally, some system atic v a ria tio n  
e x is ts .
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Layered s o i l . Van Vijk and Derksen (1963) determined the an a ly tic  
so lu tio n  to  the heat conduction equation for a s o i l  having two 
homogeneous layers and a sinuso ida l surface tem perature. (The analy sis  
can be applied  fu rth er using Fourier s e r ie s  rep resen ta tio n  of surface 
tem perature). The predicted tem perature d is tr ib u tio n  was sim ila r to  the 
tem perature d is tr ib u tio n  of a homogeneous s o i l ,  th a t  i s ,  the periodic  
v a ria tio n  of the surface temperature was conducted to  deeper s o i l  layers 
with the same angular v e lo c ity , and with a dampening of the amplitude 
and s h if t in g  of the phase with increased depth. However, the amplitude 
and phase s h i f t  for s o i l  in  the  upper layer was given by an expression, 
d if fe re n t from Equation 6 (fo r a homogeneous s o i l ) .  The expression was 
a function of the th ickness of the upper lay e r, the thermal p roperties 
of both lay e rs , depth, and tim e. The amplitude and phase s h i f t  for s o i l
in  the lower layer was given by an expression s im ila r to  Equation 6
except th a t the coordinate , z , was replaced with (z -  d ) , where, d 
equals the thickness of the upper lay e r.
Van Vijk and Derksen (1963) s ta te d  th a t  th is  concept could be 
extended to  s o i ls  having 3 or more layers with an extreme increase in 
the complexity of the a n a ly tic  so lu tio n . Subsequently, fo r s o i ls  with 
nonhomogeneity with respec t to  depth, the following c h a ra c te r is t ic s  
would occur:
1) The period ic  tem perature v a ria tio n  a t  the surface would be 
conducted to  s o i l  below with the same angular v e lo c ity ,
2) The amplitude would decrease with increased depth but a t  a ra te
d if fe re n t  from the exponential function predicted  fo r a homogeneous 
s o i l ,  and
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3) The phase s h i f t  would increase with increased depth , but the 
Magnitude of the  phase constan t would be d if fe re n t from th a t  predicted  
fo r a homogeneous s o i l .
E ffec ts  of nonhomoaeneitv. Since the model used in  th is  analy sis  
assumes homogeneity, system atic d ifferences between observed and 
p red icted  tem peratures would re s u l t  i f  the s o i l  was nonhomogeneous with 
resp ec t to  depth . At a given depth, the predicted tem peratures would be 
s inuso ida l with a fixed amplitude and phase constan t. The ac tual- 
observed tem peratures, due to  the nonhomogeneity, would vary 
s in u so id a lly  but with a d if fe re n t  amplitude and phase constant from the 
p red icted  tem peratures. The res id u a ls  (the d iffe rence  between observed 
and pred icted  tem peratures) would not vary randomly but would vary 
sy stem atica lly  in  tim e, corresponding to  the d iffe rence  between these 
two sine  functions. In f a c t ,  i t  can be shown, th a t  the d ifference  
between two sinewaves of equal period is  another sinewave of equal 
period (see proof in Appendix 7 ). Hence, nonhomogeneity should be 
exh ib ited  by sinuso ida l re s id u a ls  (having a 24 hour period) a t  one or 
more depths. Larger am plitudes of the res id u a l v a ria tio n  would ind ica te  
la rg e r d iffe ren ces  between predicted  and observed tem peratures, and 
increased nonhomogeneity.
Analysis of re s id u a ls . Using the nonlinear reg ression  technique, a 
value of apparent thermal d if fu s iv i ty  is  estim ated , which minimizes the 
sum of squared re s id u a ls . I f  the s o i l  was nonhomogeneous with respec t 
to  depth , then the re s id u a ls  would vary s in u so id a lly  a t  one or more 
depths. Vith these c h a ra c te r is t ic s  in  mind, the re s id u a ls  from analyses 
on se lec ted  days w ill be discussed below. In each case , the res id u a ls  
were computed from the nonlinear regression  an a ly sis  of the se lec ted
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day, in  p lo t 2, using four harmonics and the 2.5 cm upper boundary, 
unless otherwise noted. For ad d itio n a l refe rence , note the c lim atic  
summary given in Appendix 8.
Consider days 243 and 244. Sunny days with no p re c ip ita tio n  
occurred from day 238 to  244, see Appendix 8. During th is  dry period, 
drainage and evaporation could have re su lte d  in  m oisture g rad ien ts near 
the surface and nonhomogeneity of the s o i l  p ro p erties  with respect to  
depth. On days 243 and 244, the s o i l  tem perature v a ria tio n  appears very
smooth and nearly  sinuso idal as shown in  Figure 7. However, the
res id u a ls  for the same two days, shorn in Figure 8, ind ica te  the 
p o s s ib i l i ty  of nonhomogeneity. For a  homogeneous s o i l ,  the res id u a ls  
should vary in  some random p a tte rn . In  Figure 8, the re s id u a ls  are  not 
random but appear to  vary in  a s in u so id a l fashion with an amplitude of
approxim ately 0.2 K and with a period of 24 hours, for both day 243 and
244, a t  depths 15 and 25 cm. This p a tte rn  ind ica tes a system atic 
f a i lu re  of the model to  p red ic t the  amplitude and phase of the s o i l  
tem perature v a ria tio n  a t  these  dep ths. This fa i lu re  is  evident even 
though the magnitudes of the re s id u a ls  are  very sm all.
In co n tra s t to  th is  apparent nonhomogeneity, consider, fo r example, 
day 235. Approximately 10 cm of p re c ip ita tio n  occurred p rio r to  day 235 
on days 226 to  233. Following a day of no p re c ip ita tio n  and allowing 
fo r some drainage, the s o i l  m oisture was probably a t  or above f ie ld  
capacity  on day 235, with very l i t t l e  g rad ien t of s o i l  moisture in the 
upper 30 cm. The re s id u a ls  fo r day 235 a re  p lo tted  in  Figure 9. Note 
the random s c a t te r  of the re s id u a ls  a t  the 5 cm depth. Also note the 
lack of a noticeab le  s inuso ida l trend  (with 24 hour period) in the 15
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Soil temperature for days 243-244, 1985, Plot 2. 
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and 25 cm re s id u a ls . This p lo t does not ind ica te  nonhomogeneity, as did 
Figure 8.
Analysis of re s id u a ls  fo r many other days o ften  revealed some 
ind ica tion  of nonhomogeneity of the s o i l  p ro p erties  with respec t to  
depth. I t  should be noted th a t  th is  sinuso ida l c h a ra c te r is t ic  of the 
re s id u a l could a lso  be caused by an e rro r  in  the depth measurement of 
one or more tem perature senso rs . However, a depth measurement e rro r 
would probably re s u l t  in  the  occurrence of s inuso ida l res id u a ls  on every 
day, not ju s t  on c e r ta in  days as was evident in th is  study.
In te rp re ta tio n —nonhomoaeneitv. Nonhomogeneous s o i l  p roperties were 
detected  by noting a s inuso ida l trend  in  the res id u a ls  from the 
nonlinear reg ression  a n a ly s is . The estim ated apparent thermal 
d i f fu s iv ity  does not n e ce ssa rily  rep resen t a uniformly weighted average 
of the p roperties in  some range of depths. In fa c t ,  the upper s o i l  
p roperties are  probably weighted heav ily . The le a s t  squares c r i te r io n  
for parameter se lec tio n  could re s u l t  in  a s e n s i t iv i ty  to  observations of 
tem perature near the surface  since the amplitudes (and the p o ten tia l 
re s id u a ls)  a re  g re a te s t near the su rface .
P e rio d ic ity
In the so lu tion  of the  heat conduction equation, i t  was assumed th a t 
the  surface temperature could be represented as the superposition  of two 
period ic  functions, one having a fundamental period of one year, and the 
other having a fundamental period of one day. I t  was fu rth e r assumed 
th a t  during the course of a p a r tic u la r  day the s o i l  temperature 
v a ria tio n  due to  the annual function  could be neglected and th a t d a ily
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t
v a ria tio n s  in  temperature could be a ttr ib u te d  to  the d iu rn a l function 
alone.
The d iu rn a l v a ria tio n  in  surface temperature is  caused by the 
d iu rn a l v a ria tio n  in  so la r  ra d ia tio n  and the associated  d iu rn a l 
v a ria tio n s  in  a i r  tem perature, humidity, and wind speed. The assumption 
th a t  th is  v a ria tio n  is  p e rio d ic , im plies exact re p lic a tio n , day a f te r  
day, of the p a tte rn  of so la r ra d ia tio n  and other clim ate v a ria b le s .
The d iu rn a l p a tte rn  of so la r  rad ia tio n  inciden t a t  the top of the 
e a r th 's  atmosphere is  d e te rm in is tic , th a t  i s ,  the amount of energy can 
be p red ic ted  very p rec ise ly  fo r each hour of every day of the year based 
on the known inciden t ang les. This p a tte rn  changes slowly with the 
progression of the seasons. N evertheless, for a period of a few 
consecutive days, the d iu rn a l p a tte rn  of so la r energy a t  the top of the 
e a r th 's  atmosphere could be represented with a steady s ta te  period ic  
function .
As i t  passes through the e a r th 's  atmosphere, so la r  ra d ia tio n  is  
re f le c te d  and absorbed in  various degrees depending on atmospheric 
conditions such as humidity, cloud cover, and p o llu tio n . These 
c h a ra c te r is t ic s  a f fe c t  the amount of so la r  rad ia tio n  inciden t upon the 
ground. Day to  day changes in  the  a i r  mass a t  a given loca tion  would, 
th e re fo re , d is ru p t the tru e  p e rio d ic ity  of so la r ra d ia tio n . Moreover, 
a i r  mass changes would a f f e c t  other components of the energy balance a t  
the e a r th 's  su rface , such as in fra red  rad ia tio n  and convective heat 
tra n s fe r  between the a i r  and s o i l .  The p o ten tia l fo r a t r u ly  period ic  
su rface  tem perature does e x is t  ( i f  the atmospheric conditions are  
co n stan t); b u t, dev iations from p e rio d ic ity  do occur when weather and 
p o llu tio n  lev e ls  change.
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Periodic (or nearly  period ic) s o i l  tem perature v a ria tio n s  were often  
observed during the course of the data  c o lle c tio n , occurring during 
consecutive days of re la t iv e ly  cloud free  weather. For example, the 
s o i l  tem peratures measured a t  the 2.5 and 25 cm depths on days 243 and 
244 a re  shown in  Figure 10. The s o i l  temperature v a ria tio n s  are  nearly  
id e n tic a l.  More ty p ic a lly , some flu c tu a tio n  in  clim ate would cause 
dev ia tion  from p e rio d ic ity  and re p lic a tio n  of the s o i l  tem perature would 
not be nearly  as exact as th a t  shown in Figure 10.
Nonperiodic s o i l  tem perature phenomena can be c la s s if ie d  according 
to  the frequency or period of the c lim atic  v a ria tio n  which caused the 
nonperiod icity . For in stance , under p a r tly  cloudy cond itions, with the 
passage of ind iv idual groups of clouds, the s o i l  could be a lte rn a te ly  
heated by d ire c t  rad ia tio n  and sh ielded  by the clouds. This on and o ff 
p a tte rn  produces flu c tu a tio n s  in  s o i l  tem perature near the su rface . 
Because of th e ir  re la t iv e ly  high frequencies, these pertu rba tions are 
dampened quickly and not transm itted  very deeply in to  the s o i l .  In 
Figure 11, a high frequency c lim atic  v a ria tio n  caused a drop in the s o i l  
tem perature a t  the 2.5 cm depth a t  approximately hour 15 on day 
221. Because the tem perature decreased and increased rap id ly , th is  
pertu rba tion  was not evident in the 15 cm s o i l  tem perature trend .
Other changes in the weather, la s tin g  severa l hours or days, w ill 
have a more pronounced e f fe c t  on p e rio d ic ity  of s o i l  tem peratures, and 
these e ffe c ts  w ill  be transm itted  deeper in to  the s o i l .  The passage of 
a f ro n t, which brings in a cooler or warmer a i r  mass, or complete cloud 
cover, or p re c ip ita tio n , could completely d is ru p t the period ic  trend in 
s o i l  tem perature. This e f fe c t  is  evident in a p lo t of the  s o i l  
tem perature on days 243 to  245 as shown in  Figure 12. The reduced so la r
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Figure 11.
Soil temperature for day 221, 1985, Plot 2. High 
frequency disturbance not evident at the 15 cm depth.
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Soil temperature for days 243-245, 1985, Plot 2. 
Periodicity interrupted on day 245.
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rad ia tio n  and the p re c ip ita tio n  on day 245 caused a d ra s t ic  reduction in 
the ty p ic a l r i s e  in  s o i l  tem perature near the surface in  the afternoon. 
This e f fe c t  was transm itted  as a general cooling trend to  deeper s o i l  
la y e rs . The downward trend of the res id u a ls  for day 245, as shown in 
Pigure 13, in d ica tes  th a t the model (which assumes period ic  v a ria tio n s 
in  tem perature) was underpredicting a t  the beginning of the day and 
overpredicting  a t  the end of the day.
N onperiodicity produced by sh o rt term c lim atic  v a ria tio n  (such as 
broken clouds) would seem to  have a small e f fe c t  on thermal d if fu s iv ity  
determ ination since the s o i l  tem perature v a ria tio n  is  a ffec ted  for only 
a sh o rt time near the su rface . Vhereas, nonperiodicity  produced by long 
term clim ate v a ria tio n  (as in  the passage of a fro n t) could 
s ig n if ic a n tly  a f fe c t  the thermal d i f fu s iv ity  measurement since the 
tem perature v a ria tio n s  dev ia te  so g re a tly  from the assumed period ic  
function . As an I l lu s t r a t io n ,  Pigure 14 shows the estim ated thermal 
d if fu s iv i ty  (average of a l l  four p lo ts )  for two periods. The f i r s t  
period includes a c le a r day (day 220) followed by a day in which a high 
frequency disturbance occurred (day 221, patchy clouds and warm). The 
second period includes a c le a r  day (day 256), followed by a day in  which 
a low frequency disturbance occurred (day 257, cloudy and co o l). Note 
th a t the d iffe ren ce  in  the estim ated thermal d if fu s iv ity  is  g rea te r for 
the second period , which contained the low frequency d istu rbance.
Modes of Heat Transfer
Heat conduction i s  the only mode of heat tra n s fe r  which is  
incorporated e x p lic i t ly  in to  the model of s o i l  heat tra n s fe r . Heat 
tra n s fe r  by the d iffu s io n  of vapor has been shown to  depend on the same
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Figure 13.
Residuals for day 245, 1985, Plot 2, from nonlinear re­
gression analysis with one harmonic and 2.5 cm upper boundary. 
Model failure indicated by a downward trend.
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Figure 14.
Apparent thermal diffusivity, average for four plots, on 
days 220-221 and 256-257, 1985, from the nonlinear regression 
method with one harmonic and 2.5 cm upper boundary. Effect 
on the measurement due to high and low frequency nonperiodicity.
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governing equation as heat conduction. And the e ffe c ts  of th is  tra n s fe r  
of energy by the  movement of mass have been im p lic itly  included in  the 
heat conduction Model by su b s titu tin g  'apparen t' thermal d i f fu s iv ity  for 
the normally defined thermal d if fu s iv ity .  The apparent thermal 
d i f fu s iv i ty  is  the r a t io  of the apparent thermal conductiv ity  of the 
s o i l  (including the vapor d iffu s io n  component) to  the volumetric 
sp e c if ic  hea t. No other energy tra n s fe r  mechanisms a re  included in the 
model.
T ransfer of moisture w ithin the s o i l  i s  dependent upon the g rad ien t
of the s o i l  moisture p o te n tia l , which is  dependent upon s o i l  moisture
con ten t, g ra v ita tio n a l and osmotic fo rces, and the pore s tru c tu re  of the 
s o i l .  Movement of water in the s o i l  a ffe c ts  heat tra n s fe r  in  two ways. 
P i r s t ly ,  m oisture movement could a f fe c t  s o i l  moisture content and thus 
change the thermal p ro p erties  of the s o i l .  Secondly, convective heat 
tra n s fe r  could occur due to  the tran sp o rt of a given mass of water with 
a known sp e c if ic  h ea t. This convective heat tra n s fe r  was not included 
in  the development of the  heat conduction model fo r s o i l .  According to
De Vries (1975), an a ly sis  of both heat and mass tra n s fe r  in  s o i l
requ ires  coupling of two p a r t ia l  d if f e re n t ia l  equations. In such 
analyses, the so lu tio n s have o ften  been achieved num erically, and the 
requ ired  input da ta  was o ften  d i f f ic u l t  to  ob tain .
An an a ly sis  of coupled heat and mass tra n s fe r  was not attempted in
th is  study. I t  was assumed th a t  in  many instances m oisture movement is
s l ig h t  and i t s  thermal e f fe c ts  are  n eg lig ib le . In some in stances, 
during p re c ip ita tio n  and rap id  in f i l t r a t io n  fo r example, the movement of
water through the s o i l  p ro f ile  could invalida te  the heat conduction
model. During such occurrences, the heat conduction model might exh ib it
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an in a b i l i ty  to  accu ra te ly  p red ic t s o i l  temperatures and determine the 
apparent thermal d i f fu s iv ity  of the s o i l .
To i l lu s t r a te  the possib le  e ffe c ts  of p re c ip ita tio n  and in f i l t r a t io n  
on the  heat conduction model, consider days 245 and 252. S ign ifican t 
p re c ip ita tio n  occurred on both days, see Appendix 8. However, the two 
days d iffe re d  s ig n if ic a n tly  in  so la r  rad ia tio n . As evident in  Figure 
15, l i t t l e  so la r  rad ia tio n  was received on day 245 (1.6 HJ/m*), whereas 
a somewhat normal amount was received on day 252 (17.5 MJ/m*). Hote 
fu r th e r , in  Appendix 8, th a t sunny and dry weather preceded day 245, and 
wet weather preceded day 252.
The estim ates of apparent thermal d if fu s iv ity  from the NLREG method 
were f a i r ly  s ta b le  from day 238 to  244, ranging from 18.3 to  20.3 cm*/h 
as shown in  Figure 16. Note, however, the in fla te d  estim ate of 33.2 
cm*/h for day 245. Also note the asymptotic standard e rro r of the 
estim ate (from the reg ression  analyses) as shown in Figure 17. The 
standard e rro r increased d ram atically  on day 245 to  a value of 9.7 
cm*/h. The res id u a ls  for day 245 (presented e a r l ie r  as Figure 13) 
e x h ib it a noticeable downward tren d , an ind ication  of a cooling of the 
s o i l  not accounted for by the  model. These c h a ra c te r is tic s  could be 
a t t r ib u ta b le  to  convective heat tra n s fe r  by the in f i l t r a t in g  water, or 
to  an in te rru p tio n  of p e rio d ic ity  of the above ground c lim ate.
In  co n tra s t to  the wet cloudy conditions of day 245, p re c ip ita tio n  
occurred a f te r  sunset on day 252 and a normal amount of so la r  rad ia tio n  
was in c id en t, re su ltin g  in a s o i l  temperature p ro f ile  of somewhat 
ty p ic a l appearance, as shown in  Figure 18. The res id u a ls  for day 252, 
however, e x h ib it an upward trend  a t  the 15 and 25 cm depths (see Figure 
19). The estim ated apparent thermal d if fu s iv ity  (and i t s  asymptotic
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Figure 15.
Solar radiation measured at LSUAC Ben Hur Research Farm, 
days 238-252, 1985. Note the low value on day 245.
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Figure 16.
Apparent thermal diffusivity, average from four plots, 
on days 238-245, 1985, from the nonlinear regression method 
with one harmonic and 2.5 cm upper boundary.
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Figure 17.
Asymptotic standard error of the apparent thermal dif­
fusivity, average for four plots, for days 238-245, 1985, 
from nonlinear regression analysis with one harmonic and 
2.5 cm upper boundary.
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Soil temperature for day 252, 1985, Plot 2. 
decreased amplitude and typical shape.
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Residuals for day 252, 1985, Plot 2, from nonlinear re­
gression analysis with one harmonic and 2.5 cm upper boundary. 
Upward trend is evident.
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standard e rro r)  fo r day 252, unlike day 245, are  somewhat co n sis ten t 
with the re s u l ts  from the previous dry period, days 238 to  244, note 
Figures 20 and 21. The e ffe c ts  of in f i l t r a t io n  on the r e s u l ts  of the 
reg ression  an a ly sis  are  not completely obvious on day 252, a day which 
was wet but sunny.
Summary
Conditions which dev iate  from the assumptions of the heat conduction 
model, due to  nonhomogeneity or nonperiodicity , can be detected  by 
analyzing the re s id u a ls  from the nonlinear regression  ro u tin e .
Estim ates of apparent thermal d if fu s iv ity  for these periods must be 
in te rp re ted  c a re fu lly  to  determine what s o i l  p roperties are  tru ly  
represen ted . Conditions which might re s u lt  in modes of heat tra n s fe r  
which are unaccounted fo r , such as convection by water movement, were 
not obviously detected  in the model r e s u l ts .  Existence of such 
conditions could probably be in fe rred  from other da ta , such as records 
of p re c ip ita tio n , drainage, or s o i l  m oisture. Once these conditions are  
id e n tif ie d , ap p lica tio n  of the model would be questionable and 
unvalidated .
NONLINEAR REGRESSION MBTHOD:
MODEL SELECTION 
Features of the model 
There a re  two fea tu res of the nonlinear regression  model which can 
be varied and which a ffe p t the  r e s u l ts .  F ir s t ly ,  the model bu ilder can 
se le c t the number of harmonics used in  the f in i te  Fourier s e r ie s  
rep resen ta tion  of the surface tem perature. Secondly, subsets of the
Figure 20.
/
Apparent .thermal diffusivity, average for four plots, on 
days 243-245 and 252, 1985, from the nonlinear regression 
method with one harmonic and 2.5 cm upper boundary. Compari­
son of values for two wet days— 245 and 252.
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Figure 21.
. Asymptotic standard error of apparent thermal diffusiv- 
ity, average of four plots, for days 243-245 and 252, 1985, 
from nonlinear regression analysis with one harmonic and 2.5 
cm upper boundary. Comparison of values for two wet days—  
245 and 252.
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observations can be inputted  to  the regression  analy sis  in order to 
in v es tig a te  the p o s s ib i l i ty  of nonhomogeneous s o i l  p ro p erties  near the 
su rface . Before the f in a l  form of the model is  se lec ted , these two 
fea tu res  w ill be d iscussed .
Number of Harm onicsin_the Fourler_Series
U tiliz in g  a Fourier s e r ie s ,  the d iu rnal v a ria tio n  in  surface 
temperature can be thought of as the superposition  of a f in i t e  number of 
independent sine  functions, each having a d if fe re n t period , amplitude, 
and phase constan t. Bach of these sine  functions can be applied 
sep ara te ly  as the upper boundary condition  in the heat conduction model 
and a so lu tion  can be obtained in  each case . The o v e ra ll so lu tio n  is  
then the superposition  or summation of each of the independent 
so lu tio n s .
P red icting  s o i l  tem peratures. One objective  of s o i l  heat tra n s fe r  
modeling has o ften  been the p rec ise  p red ic tion  of s o i l  temperature as a 
function of time and depth. In such models the number of harmonics in 
the Fourier s e r ie s  may be very im portant. On a day in which the surface 
temperature dev ia tes g re a tly  from a pure sinewave, severa l harmonics 
would be needed to  accu ra te ly  approximate the boundary cond ition . For 
example, note the s o i l  tem perature p a tte rn  on day 192, as shown in 
Figure 22. Nonlinear reg ression  an a ly sis  was performed using th is  d a ta , 
where the number of harmonics was se lec ted  to  be 1, 2, 3, 4, 6, and 8. 
Note the decrease in  the sum of squared res id u a ls  as the number of 
harmonics was increased , as shown in  Figure 23. This is  in  c o n tra s t to  
day 243 which has a nearly  sinuso ida l s o i l  temperature p a tte rn  as shown 
in Figure 7. In th is  case the  sum of squared res id u a ls  was decreased
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Figure 22.
Soil temperature for day 192, 1985, Plot 2. Shape 
deviates from typical sinusoidal shape.
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su b s ta n tia lly  from 107.6 to  33.2 K* with the add ition  o£ the second 
harmonic, but increasing  the number o£ harmonics beyond two provided 
only s l ig h t  improvement in  the agreement between predicted  and observed 
s o i l  tem peratures (see Figure 24). In general, increasing the number o£ 
harmonics should improve the £ i t  of the model. The number o£ terms 
se lec ted  would depend on the desired  p recision  o£ the predicted  values, 
the shape o£ the tem perature v a ria tio n , and the a v a i la b i l i ty  and co st o£ 
computer time to  perform the regression  with an increased number of 
param eters.
Estim ating thermal d i f fu s iv i ty . In th is  study, the ob jec tive  of the 
analy sis  was not s o i l  temperature p red ic tion , the ob jective was 
estim ation  of the apparent thermal d if fu s iv ity  of the s o i l .
Conceptualize the overa ll so lu tio n  to  the heat conduction model as the 
superposition  of severa l so lu tions in  which each indiv idual harmonic in 
the Fourier s e r ie s  was applied  independently as the boundary condition . 
Since the harmonics in  a Fourier s e r ie s  are  orthogonal functions, i t  was 
theorized th a t the determ ination of the thermal d if fu s iv ity  might not 
depend on the number of harmonics se lec ted .
This hypothesis is  i l lu s t r a te d  using data  from day 234. The NLREG 
method was performed using 1, 2, 3, 4, 6, and 8 harmonics. The 
estim ated apparent thermal d if fu s iv ity  (average fo r four p lo ts )  from 
each an a ly sis  i s  shown in  Figure 25. Hote, the consistency of the 
estim ates which ranged from 20.79 to  20.96 cm*/h. This c h a ra c te r is t ic  
was noted in  most of the analyses performed.
I t  was a lso  theorized  th a t  nonhomogeneity could y ie ld  d if fe re n t  
estim ates of apparent therm al d if fu s iv ity  i f  d if fe re n t numbers of 
harmonics were used. The fundamental harmonic, having an angular
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Figure 24.
Sum of squared residuals, average for four plots, for 
day 243, 1985, from nonlinear regression analysis with 1, 
2, 3, 4, 6, and 8 harmonics and 2.5 cm upper boundary. 
Little decrease occurs with 3 or more harmonics.
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Figure 25.
Apparent thermal diffusivity, average for four plots, for 
day 234, 1985, from the nonlinear regression method with 
1, 2, 3, 4, 6, and 8 harmonics and 2.5 cm upper boundary.
Note the independence of the estimate.
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v e lo c ity  of 2T/24 h"1 is  conducted deeper in to  the s o i l  than the second 
harmonic which has an angular v e lo c ity  of 2T/12 h-1 (note the 
exponential component in  Equation 6 ). Therefore, the second harmonic 
would have l i t t l e  e f fe c t  on the  p red ic ted  tem perature (and re s id u a ls)  a t  
the deeper depths and much e f fe c t  on the p red ic ted  tem perature near the 
su rface . I f  a  nonhomogeneity occurred near the su rface , the add ition  of 
the second harmonic to  the f i r s t  harmonic might s h i f t  the estim ate of 
apparent thermal d i f fu s iv ity  so th a t  i t  rep resen ts the p ro p erties  of the 
upper layer more than the lower lay e r .
The estim ated apparent thermal d if fu s iv i ty  from the NLREG method 
using 1, 2, 3, 4, 6, and 8 harmonics fo r day 244 is  shown in Figure 26. 
Day 244 occurred a t  the end of a dry period and the  re s id u a ls  (in  Figure 
8) indicated  nonhomogeneity. A decrease in  the estim ated apparent 
thermal d i f fu s iv ity  was not, however, evident as the number of harmonics 
was increased, as was hypothesized. Apparently, th is  an a ly sis  is  not as 
se n s itiv e  to  nonhomogeneity as the re s id u a l a n a ly s is .
In summary, the se lec tio n  of the number of harmonics used to  
rep resen t the surface temperature did a f fe c t  the agreement between 
predicted  and observed s o i l  tem peratures. The number of harmonics did 
not have a s ig n if ic a n t a f fe c t  on the determ ination of apparent thermal 
d i f fu s iv i ty .  These observations w ill be fu rth e r addressed la te r  in  th is  
ch ap te r.
Subsets of Observations
The design of a f ie ld  experiment to  measure s o i l  tem peratures for 
determ ining apparent thermal d if fu s iv i ty  includes the  se le c tio n  of the 
depths of measurement and the time in te rv a ls  fo r recording s o i l
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Figure 26.
Apparent thermal diffusivity, average for four plots, for 
day 244, 1985, from the nonlinear regression method with 
1, 2, 3, 4, 6, and 8 harmonics and 2.5 cm upper boundary.
Note the independence of the estimate.
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tem perature. The se le c tio n  of the values of these independent variab les 
could a f fe c t  the re s u l ts  of the  nonlinear reg ression . More observations 
generally  r e s u l t  in more p rec ise  estim ates of the parameters (including 
apparent thermal d if fu s iv i ty ) .  I f  the s o i l  is  nonhomogeneous, placing 
more observations a t  a c e r ta in  depth might s h i f t  the estim ate of 
apparent thermal d if fu s iv i ty  towards the value a t  on near th a t  depth.
In these experiments! s o i l  tem peratures were recorded hourly a t  
depths of 2 .5 , 5, 15, 25, and 30 cm. The nonlinear regression  (HLREG) 
method was performed using two subsets of the da ta :
1) The upper boundary was considered to  be 2.5 cm ( a l l  observations 
included), and
2) The upper boundary was considered to  be 5 cm ( a l l  observations 
included except the 2.5 cm d a ta ) .
The second subset was analyzed because i t  was suspected th a t  the 
s o i l  near the surface might posses thermal p roperties  which d iffe red  
from the r e s t  of the s o i l  p ro f i le ,  causing the 2.5 cm data to  correspond 
to  a d if fe re n t  tem perature p ro f ile  than the s o i l  below. Assuming such 
nonhomogeneity e x is te d , the f i r s t  data  subset, which included the 2.5 cm 
observations, might y ie ld  a d if fe re n t estim ate of apparent thermal 
d if fu s iv ity  from the second subset of da ta .
The res id u a ls  for day 244 ind icated  the p o s s ib il i ty  of 
nonhomogeneity (see Figure 8 ) . The estim ate of the apparent thermal 
d if fu s iv ity  for day 244 and the two days previous are  shown in Figure 
27, from the HLREG method using both subsets of the observations. Note 
th a t the estim ates fo r the 2.5 cm upper boundary are  no ticeably  sm aller 
(7 percent le s s )  than the estim ates for the 5 cm boundary. A layer of 
dry s o i l  a t  the surface could cause such a d iffe ren ce .
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Figure 27.
Apparent thermal diffusivity, average for four plots, for 
days 242-244, 1985, from the nonlinear regression method with 
one harmonic and 2.5 and 5 cm upper boundaries. The values 
using 5 cm upper boundary are higher.
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Model Selection
The se le c tio n  of the f in a l form of the Model used in  the HLREG 
Method vas based upon the p recision  or re p e a ta b il i ty  of the r e s u l ts .
P recision  of Results
In order to  compare the d if fe re n t forMS of the nonlinear regression  
nodel, severa l groups e f days were id e n tif ie d  and th e i r  re s u lts  were 
compared. Five groups which included a to ta l  of 20 days were se lec ted . 
The re s u lts  of the NLREG method and the other methods fo r each day are  
l is te d  in Table 10. These groups were se lec ted  because of the following 
c h a ra c te r is t ic s :
1) Each group included two or more consecutive days of r e la tiv e ly  
sunny weather with so la r  rad ia tio n  amounts genera lly  la rg e r than 15 
MJ/m* per day.
2) No s ig n if ic a n t p re c ip ita tio n  (amounts g rea te r than 0.5 mm/day) 
occurred during the period or w ithin two days p rio r  to  the f i r s t  day of 
the group.
These c h a ra c te r is tic s  generally  imply period ic  temperature 
v a ria tio n s  and neg lig ib le  water movement. S lig h t nonhomogeneity could 
have occurred, but the estim ates of apparent thermal d if fu s iv ity  should 
have remained constant from day to  day w ithin a group.
Various fac to rs  influence the re s u lts  of each determ ination of 
apparent thermal d if fu s iv ity .  The following possib le  sources of 
v a r ia b i l i ty  in  the  r e s u lts  have been id e n tif ie d :
1) Group; small system atic d iffe rences in so la r  ang les, day 
leng th , s o i l  moisture cond itions, average a i r  tem perature, and other 
c h a ra c te r is t ic s , occurred from group to  group. Since the measured s o i l
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TABLE 10.
APPARENT THERMAL DIFFUSIVITY FOR SELECTED DAYS: 
PREDICTED VALUES AND MEASURED VALUES 
USING VARIOUS METHODS
Apparent Thermal D iffu s iv ity , cm*/h
Pred. -------------------------- Measurement Methods a -------------------
from -  2.5 cm Upper Boundary -  -  5.0 cm Upper Boundary -
Day P lo t Theory NLRBG AMPEQ PHASE LAREG NLREG AMPEQ PHASE LAREG
191 1 21.03 21.97 24.42
Groun
28.91
1
25.55 22.85 26.39 24.60 26.51
2 20.91 20.16 21.98 23.85 22.81 21.42 23.49 21.32 23.66
4 21.06 22.61 25.97 29.76 26.76 23.39 27.34 24.36 27.66
7 21.38 21.38 23.49 27.31 25.44 23.08 26.98 21.70 26.69
192 1 21.03 22.23 22.56 8.47 24.49 19.46 26.34 10.90 29.11
20.91 19.74 20.81 8.52 21.59 17.52 22.46 11.00 24.95
4 21.06 23.40 25.86 8.55 27.03 20.16 28.15 11.07 31.30
7 21.38 21.14 22.96 8.52 25.79 19.77 28.54 11.07 30.97
193 1 21.03 21.17 22.94 31.58 24.05 22.41 24.90 20.31 24.89
20.91 20.10 21.24 24.49 21.81 21.34 22.27 19.45 22.35
4 21.06 22.25 24.77 29.42 25.55 22.96 26.04 20.58 26.13
7 21.38 20.81 22.48 25.02 24.36 22.83 25.89 20.94 25.53
194 1 21.03 20.79 22.59 24.89 23.98 22.32 25.11 21.03 25.12
20.91 19.68 21.29 22.77 22.03 20.98 22.60 21.22 22.67
4 21.06 22.06 24.82 26.86 25.57 22.74 26.04 20.94 26.21
7 21.38 20.36 22.19 22.89 24.47 22.84 26.43 20.13 26.03
195 1 21.03 19.51 16.57 31.77 17.91 20.48 18.99 21.51 19.09
20.91 18.13 15.39 29.24 16.09 18.92 16.64 21.70 16.77
4 21.06 20.87 18.39 31.02 19.23 20.82 19.75 20.94 19.92
7 21.38 18.53 16.26 28.74 18.33 20.96 20.12 20.67 19.86
196 1 21.03 18.99 18.04 26.71 19.46 20.98 20.74 22.20 20.83
20.91 18.02 17.19 28.58 17.87 19.50 18.46 20.31 18.59
4 21.06 20.93 20.45 28.74 21.34 21.49 21.95 25.94 22.09
7 21139 19.?Q 17,65 27,7? 19,74 2 1 t i i 21,?? 22,40 21,44
average 21.10 20.55 21.26 24.35 22.55 21.27 23.64 19.85 24.10
s t.d e v . 0.18 1.44 3.13 7.66 3.19 1.52 3.34 4.30 3.83
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TABLE 10— Continued
Apparent Thermal D iffu s iv ity , cm*/h
Day P lo t
Pred.
from
Theory
-  2.5 
NLREG
-------  -------  Measurement Methods a -------------------
cm Upper Boundary -  -  5.0 cm Upper Boundary - 
AMPEQ PHASE LAREG NLREG AMPEQ PHASE LAREG
Se p,up. 2
203 1 21.04 20.46 22.61 35.30 23.38 21.85 24.01 33.34 24.12
2 20.94 19.98 21.92 58.47 22.06 21.37 22.22 36.10 22.41
4 21.07 22.41 25.40 28.25 25.80 23.21 26.06 24.83 26.47
7 21.38 21.65 24.28 20.81 25.67 23.37 26.68 22.40 26.43
204 1 21.04 20.32 20.76 31.58 21.94 21.82 22.90 22.92 22.83
2 20.94 19.24 19.63 29.08 20.37 20.71 21.02 20.58 21.08
4 21.07 21.35 21.81 32.55 22.55 21.98 23.08 26.20 23.18
7 21.39. 29.69 21..16. 29.,.9.3. 22.61 22.13 23,79. 22,10. 23,41
average 21.11 20.75 22.20 33.25 23.05 22.05 23.71 26.10 23.74
s t.d e v . 0.18 1.01 1.88 11.03 1.87 0.88 1.89 5.63 1.89
Sl.PUP.
220 1 21.05 20.88 24.91 22.42 25.30 22.39 25.77 20.40 26.06
2 20.93 20.07 23.35 22.20 23.67 21.46 24.00 20.40 24.25
4 21.05 22.02 25.60 26.27 25.88 22.43 26.04 22.61 26.54
7 21.39 20.66 23.62 21.12 25.08 22.17 26.28 19.62 26.21
221 1 21.05 21.06 23.45 17.82 24.72 22.81 25.88 19.79 25.92
20.93 20.27 22.04 15.89 23.08 21.85 24.00 19.45 24.08
4 21.05 22.17 24.72 21.22 25.16 22.79 25.53 20.94 25.99
7 21.39 20.51 22.08 15.89 24.36 22.39 26.35 18.73 26.08
222 1 21.05 20.70 21.46 31.77 22.44 21.98 23.23 29.14 23.10
20.93 19.61 19.60 29.59 20.06 20.58 20.45 27.54 20.50
4 21.05 21.78 21.94 35.53 22.57 21.79 23.02 34.68 23.14
7 21.39 19.38 19.15 29.76 21,92 21.20 22,,66, 29.76 22,34
average 21.10 20.76 22.66 24.12 23.61 21.99 24.43 23.59 24.52
s t.d e v . 0.18 0.89 2.01 6.43 1.82 0.66 1.85 5.28 1.93
Gequp 4
234 1 21.06 20.78 23.39 24.36 24.38 22.22 25.27 22.82 25.46
2 20.94 19.43 22.28 21.97 22.79 20.76 23.27 20.94 23.42
4 21.07 22.82 26.13 25.99 26.58 23.38 26.89 24.83 27.37
7 21.40 20.12 20.93 21.97 22.78 21.60 24.27 19.54 24.10
235 1 21.06 20.59 17.49 22.20 19.01 21.81 20.28 17.54 20.50
2 20.94 18.99 16.09 20.91 17.20 20.20 18.15 17.19 18.50
4 21.07 22.56 19.13 23.73 20.24 22.80 21.06 19.05 21.54
7 21.49 19.67 16x91 22,29. 17,89 U L iii UL5Q 19,37
average 21.12 20.62 20.18 22.92 21.36 21.71 22.32 20.05 22.53
s t.d e v . 0.18 1.41 3.65 1.65 3.31 1.07 3.07 2.65 3.08
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ta b le  10—Continued
Apparent Thermal D iffu s iv ity , cm*/h
Pred. -------------------------- Measurement Methods a -------------------
from -  2.5 cm Upper Boundary -  -  5.0 cm Upper Boundary -
Day P lo t Theory NLREG AMPEQ PHASE LAREG NLREG AMPEQ PHASE LAREG
238 1 21.06 20.55 21.39
gl.Q.UB-
30.65
5
22.03 21.77 22.60 22.71 22.92
2 20.94 18.96 19.46 27.16 19.91 20.15 20.32 20.40 20.70
4 21.07 21.96 22.76 34.42 22.99 22.24 23.14 26.72 23.66
7 21.40 19.26 18.77 30.65 19.91 20.42 20.72 20.76 20.74
239 1 21.06 19.54 16.65 36.22 17.75 20.59 18.53 15.89 18.39
20.94 17.80 15.28 36.46 16.09 18.70 16.62 15.83 16.59
4 21.07 21.62 18.27 35.53 18.82 21.39 19.11 28.84 19.13
7 21.40 18.63 15.52 39.46 16.72 19.82 17.55 26.72 17.30
240 1 21.06 18.45 23.66 13.33 27.23 18.90 30.10 26.20 29.96
20.94 17.20 21.81 13.23 24.39 17.44 26.37 26.33 26.49
4 21.07 20.25 24.81 18.65 27.71 19.63 29.69 26.20 29.65
7 21.40 17.29 22.49 13.33 27.13 17.93 31.18 25.82 31.07
241 1 21.06 20.74 18.01 32.95 19.21 22.23 20.16 22.40 20.32
20.94 19.54 16.77 30.83 17.58 20.81 18.22 21.22 18.43
4 21.07 22.22 19.00 37.17 19.80 22.65 20.34 26.07 20.64
7 21.40 18.94 15.56 32.35 17.43 20.88 18.98 19.62 18.88
242 1 21.06 20.87 23.59 20.21 25.05 22.64 26.34 17.26 26.50
20.94 19.52 21.00 13.98 22.10 21.08 23.08 17.26 23.27
4 21.07 22.04 24.53 22.31 25.50 22.69 26.25 20.22 26.61
7 21.40 18.08 17.73 15.83 20.49 20.64 23.14 15.07 23.05
243 1 21.06 21.36 22.79 22.54 24.05 22.77 25.07 18.19 25.11
20.94 19.63 20.29 23.48 21.05 20.86 21.67 18.57 21.82
4 21.07 22.60 23.67 27.62 24.52 22.80 25.05 22.30 25.24
7 21.40 17.87 17.66 16.74 20.60 20.66 23.49 21.80 23.19
244 1 21.06 20.34 21.28 23.12 22.07 21.77 22.79 22.40 22.99
20.94 18.86 19.03 22.31 19.53 20.01 19.99 20.94 20.18
4 21.07 21.63 22.16 26.27 22.39 21.72 22.56 30.24 22.94
7 21,40 10,00 10,02 20,27 19,13 19,99 29,19 19,97 20,19
average 21.12 19.73 20.00 25.82 21.44 20.82 22.61 21.96 22.71
s t.d e v . 0.17 1.67 2.97 8.16 3.31 1.46 3.81 4.14 3.81
average 21.11 20.32 21.01
overa ll 
25.58 22.25 21.34 23.27 21.79 23.48
s t.d e v . 0.17 1.47 2.99 8.00 3.02 1.36 3.22 4.73 3.39
Measurement methods: nonlinear regression  method using one 
harmonic (NLREG), amplitude equation (AMPEQ), phase equation 
(PHASE), and log amplitude reg ression  (LAREG).
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moisture content (see Table 3) was nearly  constan t, these group to  group 
d iffe ren ces should not a f fe c t  the tru e  apparent thermal d if fu s iv ity ;  
nevertheless, unwanted b ias could be introduced in to  the r e s u l ts .
2) Davs w ithin a o rp u d ; w ithin each group, a succession of 
r e la t iv e ly  sunny days should re s u l t  in the attainm ent of nearly  
id e n tic a l conditions for measurement and nearly  id e n tic a l r e s u l ts .
Small day to  day v a ria tio n s  in  above-ground clim ate did occur, but the 
heat conduction model should not be se n s itiv e  to  these v a ria tio n s . 
Id e a lly , v a r ia b i l i ty  between days within a group should be sm all.
3) P lo t : v a ria tio n s  between p lo ts  could a f fe c t  the r e s u l ts .  This 
v a r ia b i l i ty  re s u l ts  from the v a r ia b i l i ty  of s o i l  p ro p erties  from p lo t to  
p lo t,  e rro r  due to  inaccuracy of the depth loca tion  of the thermocouples 
in  each p lo t, and d iffe ren ces in  sensor response. The
measurement technique should d e te c t th is  v a r ia b i l i ty  i f  i t  is  
s ig n if ic a n t .
4) E rro r: fo r a given p lo t on a given day, some v a r ia b i l i ty  in 
r e s u l ts  occurs due to  experim ental e rro r and other unknown fa c to rs .
This v a r ia b i l i ty  should be sm all.
Variance components. Each of these four fac to rs  could introduce 
v a r ia b i l i ty  in to  the re s u l ts  of the measurement. The overa ll 
v a r ia b i l i ty  of the re s u l ts  can be conceptualized as the re s u lta n t  of 
each of the variance components, as shown in Figure 28. Estim ates of 
the variance of each fac to r can be determined s t a t i s t i c a l l y  using an 
an a ly sis  of variance. Computation of these estim ates was made using a 
computer program, w ritten  in  SAS, u t i l iz in g  PROC VARCOHP, a subroutine 
fo r variance component estim ation . The variance components were
a ( D ( G ) )
PLOT MEAN
G R O U P  MEANa (G )
D AYS(GROUP)  
MEAN
IA
OVERALL MEAN
a (P )
Figure 28.
Conceptualization of possible sources of vari­
ation in the estimation of apparent thermal diffus­
ivity, including components due to: group, days 
within a group, plot, and error. After Box et al. 
(1978).
128
estim ated using the r e s u l ts  from the HLREG method, applied  to  the five 
se lec ted  groups, for each combination of:
1) Upper boundary condition  equal to  2.5 or 5 cm, and
2) Humber of harmonics equal to  1, 2, 3, 4, 6, or 8.
The estim ate of each variance component, for each combination, is  l is te d
in Table 11. A l i s t in g  of the  program, including output for the
combination of 2.5 cm upper boundary and two harmonics is  given in 
Appendix 9.
Selected Form of Model
Selection of number of harmonics. The ob jective  of the regression  
analy sis  was estim ation  of apparent thermal d if fu s iv i ty .  An ideal form 
of the model would provide estim ates with the following c h a ra c te r is t ic s :
1) Small variance between days w ithin a group,
2) Small variance a ttr ib u te d  to  the group and to  e rro r , and
3) Valid estim ates of variance between p lo ts .
From Table 11, note th a t  the magnitude of the estim ated variance 
components for group and e rro r  a re  re la t iv e ly  sm all, le ss  than 0.4 
(cm‘/h )* , for a l l  combinations. The variance components for p lo t and 
days w ithin a group are  p lo tte d  for each number of harmonics in  Figure 
29 (2.5 cm upper boundary) and Figure 30 (5 cm upper boundary). Hote 
th a t  the number of harmonics has l i t t l e  e f fe c t  on the p rec ision  of the 
estim ates from the HLREG method.
The p rec ision  or re p e a ta b il i ty  of the measured values is  given by 
the estim ate of the variance between days w ithin a group. Based on th is  
c r i te r io n , one harmonic—the fundamental harmonic—was s u f f ic ie n t  to  
provide repeatable estim ates of the apparent thermal d if fu s iv ity .  This
129
TABLE 11.
ESTIMATED VARIANCE COMPONENTS: 
NONLINEAR REGRESSION METHOD
Upper
Boundary,
cm
Number
of
Harmonics
Estimated Component Variance, (cm*/h)t
Group Days(group) P lo t Error
2.5 1 0.102 0.554 1.189 0.382
2 0.058 0.560 1.220 0.374
3 0.066 0.528 1.220 0.375
4 0.061 0.527 1.217 0.373
6 0.059 0.531 1.220 0.374
8 0.058 0.530 1.222 0.374
5.0 1 < 0.001 1.156 0.508 0.259
2 < 0.001 1.350 0.499 0.231
3 < 0.001 1.227 0.498 0.232
4 < 0.001 1.262 0.495 0.230
6 < 0.001 1.307 0.497 0.229
8 < 0.001 1.314 0.497 0.347
2 
1.0  
1.8
1.7
1 .8  
1.0 
1.4 
1.3 
1.2 
1.1
1 
0.0 
0.8 
0.7 
0.8 
0.8 
0.4 
0.3 
0.2 
0.1 
0
1 2 3 4 8 8
NUMBER OF TERMS IN FOURIER SERIES
Figure 29.
Estimated variance of components: plot and days within 
a group, for the results of the nonlinear regression method 
using 1, 2, 3, 4, 6, and 8 harmonics and 2.5 cm upper bound­
ary. Note the independence.
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Figure 30.
Estimated variance of components: plot and days within 
a group, for the results of the nonlinear regression method 
using 1, 2, 3, 4, 6, and 8 harmonics and 5 cm upper boundary. 
Note the independence.
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se le c tio n , vhich advocates a  simple sinewave rep resen ta tion  instead of a 
Fourier s e r ie s  rep resen ta tion  of the surface tem perature, reduces the 
complexity of the a n a ly tic  technique and should re s u l t  in a  reduction in 
the consumption of computer resources. For homogeneous s o i l ,  one or two 
a d d itio n a l harmonics could be included in  the model to  improve the 
agreement between observed and predicted  s o i l  tem perature, without 
a ffe c tin g  the estim ated apparent thermal d i f fu s iv ity .
Selection  of subset of observations. For a homogeneous s o i l ,  in 
theory , the choice of the depths and times of observation of s o i l  
tem perature would not a f fe c t , th e  estim ate of apparent thermal 
d if fu s iv i ty .  The se lec ted  scheme of observation should, however, a ffe c t 
the p rec ision  of the model, since adding more observations, in  general 
should improve model f i t .
For a s o i l  vhich is  nonhomogeneous (with respec t to  dep th), the 
scheme of observation could s ig n if ic a n tly  a f fe c t  the estim ates of 
apparent thermal d if fu s iv i ty .  C ollecting  more observations in  one layer 
compared to  another could b ias the estim ate . A dditional b ias might be 
introduced due to  the assumed s e n s i t iv i ty  of the le a s t  squares method to  
the re la t iv e ly  large temperature v a ria tio n s  (and p o te n tia lly  large 
re s id u a ls )  near the su rface . The scheme of observation is  very 
important to  the in te rp re ta tio n  of the re s u l ts  when the model is  applied 
to  a nonhomogeneous s o i l .
On the average, the inclusion  of the 2.5 cm data tended to  lower the 
estim ate of apparent thermal d if fu s iv ity  from the NLREG method with one 
harmonic, see Table 10. On the average, the r a t io  of the estim ates 
using the 2.5 cm upper boundary, to  the estim ates using the 5.0 cm upper
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boundary, was 0.95 cm*/h. This suggests th a t nonhomogeneity could have 
ex isted  near the s o i l  su rface .
In comparing p rec ision , the  p lo t variance component estim ate , and 
days w ith in  a group variance component estim ates a re  shown in  Figure 
31. Mote th a t  for the 2.5 cm upper boundary (compared to  the 5 cm upper 
boundary) estim ates of apparent thermal d i f fu s iv ity  vary le ss  between 
days w ithin a group (0.55 versus 1.16 (cm*/h)*). This could be 
a ttr ib u te d  to  increased p rec ision  due to  the ad d itio n a l observations 
near the su rface . The apparent d iffe rences in  p lo t v a r ia b i l i ty  could be 
due to  d iffe ren ces in p rec ision  of the estim ates, or to  system atic 
d ifferences in  the s e n s i t iv i ty  of the method to  conditions which vary 
from p lo t to  p lo t.
Two schemes of observation were analyzed. One included observations 
a t  the 2.5 cm depth, the other did  no t. Inclusion of the 2.5 cm da ta :
1) tended to  lower the estim ated apparent thermal d if fu s iv ity ,  2) 
decreased the v a r ia b il i ty  of the estim ates between days w ithin a group, 
and 3) increased the v a r ia b i l i ty  of estim ates between p lo ts . Given a 
choice between these two observation schemes, the 2.5 cm upper boundary 
would be chosen since i t  estim ates apparent thermal d if fu s iv ity  with 
g rea te r p rec is io n . This scheme might, however, represen t the p roperties 
of an upper s o i l  layer more than a lower lay e r, i f  such a nonhomogeneity 
ex is ted .
Summary. For th is  experiment, the ob jec tive  was to  estim ate 
apparent thermal d if fu s iv ity .  The form of the model, as se lec ted  above, 
included one harmonic, or a sinewave rep resen ta tion  of the surface 
tem perature, with an observation scheme incorporating hourly 
observations of s o i l  temperature a t  2 .5 , 5, 15, 25, and 30 cm.
OAYS(O)
QAYS(Q)
rri w 1
2*5 2*6 5 .0  0 .0
UPPER BOUNDARY <om)
Figure 31.
Estimated variance of components: plot and days within 
a group, for the results of the nonlinear regression method 
using one harmonic and the 2.5 and 5 cm upper boundaries.
The 2.5 cm upper boundary has less variation between days 
within a group.
t—» W -C*
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A dditional harmonics improved the f i t  of the model but did not 
su b s ta n tia lly  a l t e r  the estim ation  of apparent thermal d if fu s iv ity .  
Exclusion of the 2.5 cm observations increased the estim ated apparent 
therm al d i f fu s iv ity  s l ig h t ly  and decreased the p rec ision  of the 
estim ation  s l ig h t ly .
COMPARISONS VITH OTHER METHODS
Ihetnftl-PiEEuslvUy-Eg.tlBtttag.: 
SI ropier. He thods.
The nonlinear reg ression  (NLRBG) method was evaluated by comparison 
to  o ther sim pler methods—the amplitude equation (AMPEQ), the phase 
equation (PHASE), and log amplitude regression  (LAREG) method. These 
th ree  methods, as described in  the previous chap ter, requ ire  as input 
d a ily  maximum and minimum s o i l  tem perature d a ta . The analyses were 
performed using the data  from the fiv e  groups of days used in the study 
of the NLRBG method. Bach technique was performed with the upper 
boundary considered to  be e ith e r  the 2.5 or 5 cm depth. The estim ated 
values fo r apparent thermal d if fu s iv i ty  for each method, for each day, 
and for each p lo t a re  l is te d  in Table 10.
Comparison of Methods
Precision
Variance components. The p rec ision  of the estim ates of apparent 
thermal d if fu s iv i ty  were compared. The variance components fo r each 
method were estim ated using a SA5 rou tine  which used PROC VARCOMP, 
mentioned previously . In Table 12, the estim ates of each component of 
variance a re  l i s te d ,  fo r each of the  sim pler methods and for the
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TABLE 12.
ESTIMATED VARIANCE COMPONENTS: 
ALL METHODS
Method a
Upper
Boundary,
cm
Estimated Component Variance, (cm*/h)*
Group Days(group) P lo t Error
NLREG 2.5 0.102 0.554 1.189 0.382
5.0 < 0.001 1.156 0.508 0.259
AMPEQ 2.5 < 0.001 6.421 1.911 0.874
5.0 < 0.001 8.294 1.577 0.738
PHASE 2.5 < 0.001 44.792 1.298 17.720
5.0 < 0.001 14.114 1.461 7.000
LAREG 2.5 < 0.001 7.106 1.506 0.758
5.0 < 0.001 9.417 1.614 0.751
Measurement methods: nonlinear reg ression  method with one 
harmonic (NLRBG), amplitude equation (AMPEQ), phase equation 
(PHASE), and log amplitude reg ression  (LAREG).
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nonlinear regression  method (with one harmonic). Two c h a ra c te r is tic s  
a re  notable:
1) The v a r ia b i l i ty  of estim ates fo r days w ith in  a  group was much 
lower for the NLREG method (ranging from 0.55 to  1.16 (cm*/h)*) than for 
any of the sim pler methods (ranging from 6.42 to  44.79 (cm*/h)*).
2) Among the sim pler methods, the phase equation exh ib ited  a much 
la rg e r variance associated  with e rro r  and with days w ithin a group.
The v a r ia b i l i ty  of estim ates between days w ithin  a group is  an 
in d ica tio n  of the r e p e a ta b il i ty  or p rec ision  of the  method given 
e s s e n t ia lly  equal s o i l  p ro p e rtie s . In th is  regard , the ad d itio n a l 
a n a ly tic  complexity of the NLREG method is  ju s t i f i e d .  The nonlinear 
reg ression  technique is  su b s ta n tia lly  more p rec ise  than the other three 
simple techniques.
Based on the analy sis  of variance components, i t  appears th a t  the 
AMPEQ method and the LAREG method y ie ld  s im ila r r e s u l ts .  The PHASE 
method, in  these t r i a l s ,  appears to  be much le s s  p rec ise . With the 
upper boundary considered to  be 2.5 cm, the phase equation yielded an 
estim ated variance for days w ithin a group equal to  38.4, compared to  a 
value of 0.444 for the NLREG method. This s ta rk  co n tra s t is  i l lu s t r a te d  
in  Figure 32.
The v a r ia b i l i ty  between p lo ts  is  s l ig h t ly  higher for the sim pler 
methods than fo r the NLREG method. N evertheless, note th a t  fo r a l l  
methods, th is  component v a rie s  over a narrower range than the components 
fo r e rro r  and days w ithin a group. Apparently, some system atic 
d iffe ren ces between p lo ts  has been detected  by a l l  methods, with 
approxim ately the same order of magnitude.
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Estimated variance of days within a group component, for 
the results of the three simple methods (AMPEQ: amplitude 
equation, PHASE: phase equation, LAREG: log amplitude regress­
ion method) and the nonlinear regression method using one har­
monic (NLREG), with 2.5 and 5 cm upper boundaries. The nonlin­
ear regression method had substantially less variability. 138
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R e lia b il i ty , Method f a i lu r e s . The heat conduction model, upon which 
a l l  four methods are  based assumes p e rio d ic ity . The sim pler methods 
seem to  be more se n s itiv e  to  dev ia tions from p e rio d ic ity  than the NLREG 
method. The NLREG method incorporates hourly observations of 
temperature which supply much needed information regarding the shape of 
the temperature v a ria tio n  a t  severa l depths on days when so la r rad ia tio n  
is  reduced. The sim pler methods incorporate only the temperature 
extremes, which could be s l ig h t ly  ambiguous on the days with reduced 
so la r ra d ia tio n .
Ease of Data C ollection  and Analysis
The experimental techniques fo r the four methods are  v ir tu a lly  
id e n tic a l. The d iffe rences l i e  in the quan tity  of data  which must be 
recorded, c o llec ted , so rted , and archived. For an indiv idual p lo t, the 
NLREG method used 120 observations per day; the AMPEQ and PHASE methods 
each used four observations per day; and the LAREG method used ten  
observations per day.
The sim pler methods u t i l iz e d  algorithm s which were w ritten  in 
re la tiv e ly  simple subroutines in  BASIC. These computations, made on a 
microcomputer, were r e la t iv e ly  f a s t  and inexpensive. The nonlinear 
regression  method u til iz e d  a  more complex algorithm , performed on a 
mainframe computer which was expensive and cumbersome.
The nonlinear reg ression  algorithm  performed i te ra t io n s  and 
determined the f in a l  values of the parameter estim ates which minimized 
the sum of squared re s id u a ls . The PROC NLIN procedure used in SAS used 
the Marquardt method to  s e le c t  the new estim ates for each i te ra t io n . 
Microcomputer programs for nonlinear regression  an a ly sis  would reduce
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the cost of computing the estim ated apparent thermal d if fu s iv ity  using 
the NLREG method. Other algorithm s might be developed to  i te r a t iv e ly  
s e le c t  the parameter estim ates for the nonlinear model. Use of any 
algorithm  should be made with some concern th a t  an absolu te  minimum and 
not a loca l minimum of the sum of squared res id u a ls  is  a tta in e d . In 
th is  regard , PROC NLIN used in  SAS incorporates documented s t a t i s t i c a l  
methods.
To summarize, the nonlinear reg ression  (NLREG) method requ ires more 
computer resources for da ta  management and computation than the simpler 
methods. The g re a tly  increased p rec ision  ju s t i f i e s  th is  increase in 
computer requirem ents. Furthermore, using a microcomputer for some or 
a l l  of the data  management and computing tasks w ill reduce the impact of 
the increased computing requirem ents.
COMPARISON WITH THEORY 
T heoretical Estimates 
A technique presented in Chapter IV was used to  p red ic t apparent 
thermal d i f fu s iv ity  in each p lo t during each of the five  periods th a t 
were used for comparison of the measurement methods. The predicted 
values are  l is te d  in Table 10. The p red ic tion  model incorporated 
d e ta i ls  and assumptions c ite d  in the cu rren t l i t e r a tu r e .
Weaknesses of the P red iction  Model
The p red ic tion  model for thermal conductiv ity  was based on the 
theory of d iffu s io n  in a .g ran u la r m ateria l consisting  of e l l i p t i c a l  
p a r t ic le s  immersed in a continuous medium. The weakness of th is  theory, 
as i t  app lies to  s o i l ,  is  the manner in which the s o i l  s tru c tu re  is
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accounted fo r . Use of shape fac to rs  to  define a l l  s o i l  co n stitu en ts  as 
e l l i p t i c a l  p a r t ic le s  (including a i r - f i l l e d  pores) is  somewhat 
inadequate. The s tru c tu re  of the elementary p a r t ic le s  of s o i l  ( th e ir  
arrangement in  forming aggregates) should a f fe c t  heat conduction. The 
shape and s iz e  of aggregates as v e il  as the pore s ize  d is tr ib u tio n  and 
geometry of the pores should a lso  a f fe c t  heat conduction. D ifferences 
in these c h a ra c te r is t ic s , from one s o i l  to  another, might not be 
properly  accounted for by specify ing  the shape fac to rs  alone.
V alidation of the th e o re tic a l models has not been ex tensive.
Several s tu d ies  have compared p red icted  and measured values, with 
in co n sis ten t conclusions regarding th e ir  agreement. Many of these 
s tu d ies  have u t i l iz e d  labora to ry  measurements on s o i l  samples which have 
been d ried , ground, sieved, and rev e tted . Such s tu d ies  ignore the 
e ffe c ts  of na tu ra l s o i l  s tru c tu re  on heat conduction. Very few stu d ies  
have compared f ie ld  measured values, on undisturbed s o i l ,  with theory . 
Thus, the accuracy of the th e o re tic a l models, to  p red ic t apparent 
thermal d if fu s iv i ty  of an undisturbed s o i l ,  is  somewhat unknown.
Experimental  U ncertainty
Assuming the th e o re tic a l models were completely v a lid , some 
uncerta in ty  in  the p redicted  values would be a ttr ib u te d  to  the 
propagation of experim ental uncerta in ty  in  the determ ination of the 
input q u a n ti t ie s—bulk d en sity , c lay  con ten t, and moisture con ten t. In 
Appendix 6, the  p lo t to  p lo t v a r ia b i l i ty  of these p ro p erties  (which 
included sampling e rro r  and measurement e rro r)  resu lted  in  an estim ated 
experimental uncerta in ty  of 0.25 cra*/h (expressed as a standard 
dev ia tion) for the predicted  apparent thermal d if fu s iv i ty .  Likewise,
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the v a r ia b i l i ty  o£ s o i l  p roperties with respect to  depth , re su lte d  in an 
estim ated experimental uncerta in ty  of 1.28 cm*/h (expressed as a 
standard dev ia tion) for the predicted  apparent thermal d if fu s iv i ty .
Comparison of Predicted and Measured
The re s u l ts  from the NLREG technique (one harmonic, and the 2.5 and 
5.0 cm upper boundary) for the in d ire c t measurement of apparent thermal 
d i f fu s iv i ty ,  fo r each day in the five  se lec ted  groups, a re  p lo tted  in 
Pigure 33. Also shown is  the range of values p red icted  by the 
th e o re tic a l model. The so lid  lin e s  represen t the upper and lower bounds 
of the pred icted  values, computed as the predicted  value plus or minus 
1.28 cm*/h, or one standard dev ia tion  (within p lo t v a ria tio n  based on 
ana ly sis  of experimental uncerta in ty , see Appendix 6 ). Given th is  
experim ental uncerta in ty , the predicted  values agree reasonably well 
with the measured values, using both subsets of the observations.
The average value (for the twenty days of comparison) of the 
apparent thermal d if fu s iv ity  was: 21.11, 20.32, and 21.34 cm*/h, 
re sp ec tiv e ly , for the p red ic tion  model, the NLREG method with the 2.5 cm 
upper boundary, and the NLREG method with the 5.0 cm upper boundary. 
Thus, on the average, d iffe ren ces between predicted  and measured values 
were approximately five  percent or le s s .  These re s u l ts  were co n sis ten t 
with estim ated experimental uncerta in ty . N evertheless, th is  agreement 
does not preclude the p o s s ib i l i ty  of system atic e rro rs  in  both the 
measurement and p red ic tion  methods.
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Figure 33.
Apparent thermal diffusivity, average for four plots, 
for 20 selected days using the nonlinear regression method 
with one harmonic and 2.5 and 5 cm upper boundaries. The 
approximate upper and lower bounds of the theoretical pre­
dicted values (plus or minus one standard deviation) are 
indicated by the solid lines.
CHAPTER VI. 
SUMMARY AND CONCLUSIONS
EXPERIMENTAL TECHNIQUES 
General Summary
The apparent thermal d i£ £ u siv ity  o£ the s o i l  a t  the t e s t  s i t e  was 
measured in d ire c tly  by analyzing d iu rnal s o i l  temperature v a ria tio n s . 
Hourly s o i l  tem peratures a t  depths o£ 2 .5 , 5 .0 , 15.0, 25.0, and 30.0 cm 
were measured in  e ig h t p lo ts  a t  the LSUAC Ben Hur Research Farm, near 
Baton Rouge, Louisiana, using an e le c tro n ic  datalogger (model CR7, 
Campbell S c ie n tif ic  Incorporated), and thermocouples (type T, ANSI 
standard , 24 AVG). R esults from four p lo ts  (considered to  be bare and 
uncovered) were analyzed.
Other s o i l  p ro p erties  were measured. Soil moisture was p e rio d ica lly  
measured using a neutron probe (model 503DR, Campbell P ac ific  Nuclear 
C orporation). Soil samples from the p lo ts  were analyzed to  measure bulk 
d en sity , p a r t ic le  s ize  d is tr ib u t io n , and quartz content. These 
p ro p erties  were used to  compute predicted values of apparent thermal 
d if fu s iv i ty  based on th e o re tic a l models.
Cancluglana.
Based on the experience gained in performing these experiments, the 
following conclusions can be made.
A high degree of p rec ision  of the s o i l  temperature measurements was 
a tta in e d . Even very s l ig h t  system atic trends in  the res idua l s o i l  
tem perature, with, magnitudes of approximately 0.1 K, were c le a r ly  
ev iden t. This p rec ision  was a ttr ib u te d  to :
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1) A sensor in s ta l la t io n  technique which minimized s o i l  s tru c tu re  
d istu rbance,
2) A sensor depth loca tion  to o l which allowed placement of the 
sensor a t  the precise  depths, and
3) An e le c tro n ic  datalogger which provided very precise  measurements 
without f a i lu r e .
ANALYTIC PROCEDURE 
General Summary
A nonlinear regression  (NLREG) method of measuring the apparent 
thermal d if fu s iv i ty  of an undisturbed f ie ld  s o i l  was developed, te s te d , 
and evaluated . The method was derived from a one dimensional, tra n s ie n t 
heat conduction model of heat tra n s fe r  in the s o i l .  Diurnal s o i l  
tem perature v a ria tio n s were analyzed and the apparent thermal 
d if fu s iv i ty  was estim ated using nonlinear regression a n a ly sis .
The NLREG method featured  a Fourier se r ie s  rep resen ta tion  of the 
surface tem perature. The method was performed with 1, 2, 3, 4, 6, and 8 
harmonics.
The NLREG method was performed using a l l  temperature observations 
and with a subset of the data  (ignoring the observations a t  the 2.5 cm 
depth) to  in v estig a te  the p o s s ib i l i ty  of nonhoinogeneous s o i l  p ro p ertie s .
The NLREG method was compared to  th ree  simpler methods—the 
amplitude equation (AMPEQ), the phase equation (PHASE), and log 
amplitude regression  (LAREG) method. The simpler methods used d a ily  
extreme s o i l  temperature data as input and required less  data storage 
and computation than the NLREG method.
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T heoretical p red ic tions of the apparent thermal d if fu s iv ity  were
t
compared with the r e s u lts  from the NLREG method. The experimental 
uncerta in ty  of the p red ic tions was estim ated based on the v a r ia b il i ty  of 
s o i l  p ro p erties  w ithin a p lo t.
Conclusions
From the analy sis  of the assumptions of the heat conduction model 
and the comparison of the four measurement methods and the th e o re tic a l 
p red ic tio n s , the following conclusions can be made.
1) P e r io d ic ity . All measurement methods fa ile d  when the periodic 
nature of the s o i l  tem perature v a ria tio n s  (assumed in the model) were 
in te rrup ted  by cloudy weather. The simpler methods were more se n sitiv e  
to  these conditions and often  gave questionable re s u l ts  even under 
p a rtly  cloudy conditions; whereas, the NLREG method was somewhat 
in sen sitiv e  to  high frequency pertu rbations in so la r ra d ia tio n .
2) Nonhomoaeneitv. Nonhomogeneous s o i l  p ro p erties  were detected  by 
noting a d is t in c t  sinuso idal trend  (with a 24 h period) in  the residuals  
from the nonlinear regression  analy sis  for some days. Although the heat 
conduction model assumes homogeneity, the method gave repeatable re s u lts  
from day to  day during the period th a t the nonhomogeneity ex is ted . The 
r e s u lts  of the measurement under such conditions provide an index of the 
apparent thermal d if fu s iv ity  of the upper s o i l  p ro f i le .
3) Scheme of observation . Given nonhomogeneous s o i l  p ro p e rtie s , the 
add ition  of s o i l  temperature observations a t  a p a rtic u la r  depth could 
3 h if t  the estim ate of apparent thermal d i f fu s iv i ty .  I t  is  a lso  possible 
th a t the nonlinear regression  analy sis  is  p a r t ic u la r ly  se n s itiv e  to  the 
observations near the surface since the d iu rnal amplitude (and hence the
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p o ten tia l sum o£ squared re s id u a ls )  is  g rea te r near the surface than a t  
depths below. The measured value (the index of the apparent thermal 
d if fu s iv ity  of a nonhomogeneous s o i l )  is  therefo re  dependent upon the 
scheme of observation. Because of th is  dependency, the scheme of 
observation should be considered c a re fu lly  in  the experimental design 
and e x p lic i t ly  s ta te d  when the re s u l ts  a re  reported .
For the data analyzed in  th is  experiment, the add ition  of the 2.5 cm 
data decreased the average apparent thermal d if fu s iv ity  from 21.34 to  
20.32 cm*/h, and decreased the estim ated variance of the re s u l ts  between 
days w ithin a group from 1.16 to  0.55 (cm*/h)*, using the NLREG method 
with one harmonic. These re s u l ts  suggest some nonhomogeneity could have 
ex is ted , and th a t ,  in general, a d d itio n a l observations might improve the 
overa ll p rec ision  of the experiment.
4) Nonconduction. Given nearly  period ic  v a ria tio n s  in tem perature, 
the NLREG method did not obviously f a i l  during periods of water 
I n f i l t r a t io n  and drainage. S lig h t upward or downward trends in the 
res id u a ls  a t  some depths could be a t t r ib u ta b le  to  convective heat 
tra n s fe r  or to  changes in the above ground clim ate. Unlike 
nonhomogeneity, nonconductive heat tra n s fe r  was not rea d ily  apparent in 
the r e s u lts  of the NLREG method.
5) Number of harmonics. Increasing  the number of harmonics in the 
Fourier se r ie s  rep resen ta tion  of the surface temperature decreased the 
sum of squared res id u a ls  and yielded  more p rec ise  s o i l  temperature 
p red ic tio n s . However, the measurement of apparent thermal d if fu s iv ity  
was not se n s itiv e  to  the number of harmonics. Inclusion of a sing le  
harmonic (a simple sinewave) in these experiments, provided precise  
estim ates of the apparent therm al d i f fu s iv ity .
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6) Simpler methods. The p rec is io n  of the r e s u l ts  was much g rea te r 
fo r the NLREG method than for the th ree  sim pler methods: fo r the 2.5 cm 
upper boundary, the estim ated variance between days w ithin a group was
0.55, 6.42, 44.79, and 7.10 (cm»/h)*, for the NLREG, AMPEQ, PHASE, and 
LAREG methods, re sp ec tiv e ly . The increased computational complexity of 
the NLREG method is  e a s ily  ju s t i f i e d .  The PHASE method was highly 
un re liab le  and unacceptable. For some a p p lica tio n s , when nonlinear 
reg ression  analy sis  is  not p o ss ib le , the AMPEQ appears to  give 
reasonable re s u l ts  on c le a r days. The LAREG method used much more input 
data than the AMPEQ method, but was no more p rec ise .
7) T heoretical p re d ic tio n s . For these experiments the values from 
the NLREG method generally  f e l l  w ithin  the range of apparent thermal 
d i f fu s iv ity  predicted by the th e o re tic a l  model. A range of predicted 
values was computed based on an an a ly sis  of the propagation of 
experimental uncerta in ty . The v a r ia b i l i ty  of the measured bulk density , 
c lay  con ten t, and moisture content w ith in  a p lo t re su lted  in  an 
estim ated experimental u n certa in ty  (expressed as a standard deviation) 
of 1.28 cm*/h, to r the p red ic ted  apparent thermal d if fu s iv i ty .
The average value of the p red ic ted  apparent thermal d i f fu s iv i ty  was 
21.11 cm*/h, compared to  20.32 and 21.34 cm*/h using the NLREG method 
with one harmonic and the 2.5 and 5.0 cm upper boundaries, 
resp ec tiv e ly . These values were measured in  a s i l t y  c lay  loam s o i l  near 
Baton Rouge, Louisiana, during 20 days of r e la t iv e ly  sunny weather 
between Ju ly  11 and September 1, 1985, in  which the s o i l  moisture 
content was nearly  constan t, ranging from 0.36 to  0 .38, by volume.
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SUGGESTIONS FOR FUTURE RESEARCH 
Improvements In T heoretical Models 
of S o il Thermal P roperties
1) Nonhomogeneity c la r i f i c a t io n . The ambiguity of a s in g le  measure 
of a thermal property  of a nonhomogeneous s o i l  should be recognized and 
addressed. Experimental designs might be developed (which incorporate a 
c a re fu lly  se lec ted  scheme of observation) to  y ie ld  estim ates of the 
desired  property  th a t r e f le c t  a uniformly weighted average value in  a 
c e r ta in  range of depths. Or perhaps, measurement methods should be 
capable of measuring the depth dependence of the property , ra th e r  than a 
s in g le  rep resen ta tiv e  value.
2) F ie ld  d a ta . A comprehensive e f fo r t  is  needed to  measure the 
thermal p ro p erties  of s o i l ,  in  s i tu ,  using in d ire c t measurements (such 
as the nonlinear regression  method) and d ire c t  measurement using a 
thermal conductiv ity  probe or other instrum ents. The measurements 
should include many d if fe re n t  s o i ls  and cond itions. Other s o i l  
p ro p erties  including s tru c tu ra l  c h a ra c te r is t ic s  should be measured.
3) Laboratory s tu d ie s . In conjunction with f ie ld  measurements, 
in tense ana ly sis  of the thermal p roperties of s o i l  should be undertaken 
in  the labo ra to ry . Controlled experiments using core samples with s o i l  
s tru c tu re  maintained would be usefu l in understanding the in te rac tio n s  
between heat and mass t r a n s fe r .  In ad d itio n , a wide range of s o i ls  in  a 
wide range of moisture content can be studied  quickly and accu ra te ly  in 
the labo ra to ry . These in tensive  measurements should be compared with 
the le s s  extensive f ie ld  data  to  d e tec t any inconsistency.
4) Model development. Upon c o llec tio n  of comprehensive s o i l  thermal 
property  data  (including m ineralogical, s t ru c tu ra l ,  and moisture
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c h a ra c te r is t ic s  o£ the s o ils )  improved methods o£ p red ic ting  thermal 
p roperties  could be developed and v e r if ie d . An accurate  s o i l  thermal 
property  model, which was widely v e rif ied  and accounted £or the major 
d ifferences between s o i ls  and conditions, would have many app lica tions 
in a g r ic u ltu ra l and building sc iences.
Concluding Remarks 
The evaluation  of a method of measurement of the apparent thermal 
d if fu s iv ity  of a f ie ld  s o i l ,  as reported in  th is  d is s e r ta t io n , i s  one 
component of a research  th ru s t which is  needed to  understand, modify, 
and respond to  the thermal behavior of s o i l .  Such research  could be 
b en efic ia l in optimizing a g ric u ltu ra l  production and in  reducing 
domestic energy consumption.
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DESCRIPTION OF SOIL AT THE TEST SITE
S e r ie s : Mhoon 
Horizons;
Apl. 0 to  8 cm; l ig h t  tan  s i l t  loam; fine  granular s tru c tu re ; p lan t 
roo ts abundant.
Ad2. 8 to  14 cm; l ig h t  tan  s i l t y  c lay  loam; few l ig h t  gray m ottles; 
fine  granular s tru c tu re ; plow pan.
B it’. 14 to  25 cm; dark gray s i l t y  c lay  loam; few l ig h t  red m ottles; 
moderate subangular blocky s tru c tu re ; few fine  c lay  film s.
B21t. 25 to  40 cm; dark gray s i l t y  c lay ; l ig h t  red m ottles common;
moderate subangular blocky s tru c tu re ; few fine  c lay  film s.
B22t. 40 to  64 cm; dark gray s i l t y  c lay ; many l ig h t  red and tan
m ottles; weak subangular blocky s tru c tu re ; s l ig h t  increase in sand 
content compared to  above.
B23t. 64 to  76 cm; dark gray s i l t y  c lay  loam; many l ig h t  tan
m ottles; weak subangular blocky s tru c tu re .
2B24t. 76 to  92 cm; o live  brown loam; l ig h t  tan  m ottles common;
weak subangular blocky s tru c tu re ; increase in sand con ten t; l ith o lo g ic a l 
d isc o n tin u ity .
2B25to. 92 to  104 cm; l ig h t  gray fine  sandy loam; many l ig h t  tan
m ottles with sp lo tches of b lue-gray; weak blocky to  massive s tru c tu re .
2B26a. 104 cm +; l ig h t  b lu ish  gray fine  sandy loam; massive
s tru c tu re .
Note:
A p i t  was dug in  the s o i l  approximately 15 m west of the s o i l  
tem perature measurement p lo ts  a t  the LSUAC Ben Hur Research Farm, Baton 
Rouge, Louisiana. The s o i l  was horizonated and described by Mr. Bruce 
Lindsay, Agronomy Department, Louisiana S ta te  U niversity , on November 
17, 1983.
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MBUTRON PROBE CALIBRATION
Factory C alib ration
When the neutron probe was programmed to  express the moisture
3 3content in  the u n its : volume o£ water (cm ) per volume of s o i l  (cm ),
the fac to ry  supplied c a lib ra tio n  curve was:
xw(facto ry ) = a (c /c fc) + b , (a)
where, c =
c t  = 
a =
b =
the thermal neutron count with the probe in the s o i l  
(dim ensionless),
the standard count (dim ensionless),
0.23 = m u ltip lie r  constan t,
-.0063 = o ffse t  constan t.
Probe Versus Gravimetr ic  Measurements
The values of xtf(fac to ry ) and the volumetric moisture content based 
on gravim etric a n a ly sis , xw(g rav im etric), a re  l is te d  in Table 2. Linear 
regression  analysis was performed to  determine the best f i t  lin e a r  
function (based on le a s t  squares c r i te r io n )  of xw(gravim etric) on 
xw(fac to ry ) . The analy sis  was performed separa te ly  for the readings a t  
the 15.24 cm depth. I t  was believed th a t  the thermal neutron f ie ld  
might be Influenced by the ground surface when the probe was placed a t  
the 15.24 cm depth; hence, the c a lib ra tio n  might d if fe r  for th is  depth 
from those below. The re s u l ts  from the regression  analyses are  shown 
below. The poorer f i t  for the deeper readings could be due to  the 
r e s tr ic te d  range of the measured m oisture content, see Table 2.
1?t 24 cm Depth
SQUICS d .f t
Model 1
Error 6
T otal, C 7
Analysis of Variance
Sum of
Souares
0.002397
0.000301
0.002698
Mean
gflUSLe
0.002397
0.000050
E
Value
47.824
BlObJL-F. 
0.0005
R2 = 0.8885
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Parameter Estimates
Parameter. Standard t_fAT_H0:
..Parameter. d . f . Estimate Ei i p l P aram ete rs Prob > It!
In te rcep t 1 0.03046 0.0416 0.732 0.4917
Slope 1 0.84974 0.1229 6.915 0.0005
48 to  76.20 cm Deaths
Analysis of Variance
Sum of Mean E
Source d . f . Sauaree. SQUaifi. Value Prob > F
Model 1 0.001279 0.001279 16.667 0.0005
E rror 22 0.001688 0.000077
T o ta l, C 23 0.002966 R2 = 0.4310
Parameter Estimates
Parameter Standard t-ior,,H0:
Parameter d . f . Estimate Error Parameter=P. Pub > . 111
In te rcep t 1 0.03529 0.0835 0.422 0.6768
Slope 1 0.90884 0.2226 4.083 0.0005
Correction.Factor.- Based on these two lin e a r  regression  analyses,
co rrec tion  fac to r was applied to  the neutron probe readings, 
xw(fa c to ry ) , to  account for the apparent d ifference  in  the performance 
of the probe a t  the fac to ry  and in i t s  measured performance in  the p lo ts  
a t  the Ben Hur Research Farm. The d ifference  for most ap p lica tio n s 
could be neglected. N evertheless, for increased accuracy in these p lo ts  
(in  the range of moisture content observed during c a lib ra tio n ) , the 
probe readings were corrected  as given here:
xw( te s t  s i t e )  * bp + bjXw(facto ry ) (b)
where, bg = 0.0305 (15.24 cm)
bg = 0.0353 (30.48 cm and below)
bx = 0.8497 (15.24 cm)
b. = 0.9088 (30.48 cm and below)
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C alib ra tion  for Soil a t  the Test S ite
Given Equations a and b, the equivalent c a lib ra tio n  constan ts for 
the s o i l  a t  the t e s t  s i t e  can be computed, entered in to  the memory of 
the neutron probe, and used in  fu tu re  moisture measurements for th is  
s o i l  with the same access tubes, in the range of s o i l  moisture observed 
during c a lib ra tio n . The c a lib ra tio n  curve for the s o i l  a t  the t e s t  s i te  
can be expressed a s:
x ( t e s t  s i t e )  = a ' ( c / c . ) + b ' . (c)w t
Solving fo r the count r a t io  in  Equation a , y ie ld s :
(c /c fc) = {xw(facto ry ) -  b) /  a  .
S u b s titu tin g  in to  Equation c , y ie ld s :
xw( te s t  s i t e )  = a '{ x w(fac to ry ) -  b )/a  + b ' , 
and rearrang ing ,
xw( te s t  s i t e )  = {b' -  (a 'b /a )}  + ( a '/a )x w(facto ry ) .
Noting Equation b, i t  can be shown th a t :  
bQ = b ' -  (a 'b /a )  ,
b1 = a ' / a  .
Solving for the t e s t  s i t e  c a lib ra tio n  constan ts, y ie ld s :
a 1 = a ^  ,  (d)
b ' = bQ + bxb (e )
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S u b stitu tin g  the appropriate  values of bQ and b^, and the fac to ry  
constan ts , a and b, in to  Equations d and e gives the c a lib ra tio n  
equations fo r s o i l  a t  the t e s t  s i t e :
lS.t2i.cro
xw( te s t  s i t e )  = 0 .0070(c/cfc) + 0.0251 , (f)
for the range: 0.28 < < 0.33 ,
30.48 cm and below
x ( te s t  s i t e )  = 0 .0 0 8 1 (c /c .) + 0.0296 , w t
for the range: 0.35 < xy < 0.40 .
(9)
APPENDIX 3.
NEUTRON PROBE READINGS, 
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NEUTRON PROBE READINGS 
August 27,1985
P lo t Depth,cm
Soil Moisture Content, 
by volume
Reading 11 Reading 12
1 15.24 0.3622 0.3627
30.48 0.3852 0.3869
45.72 0.3959 0.3896
60.96 0.3900 0.3954
76.20 0.3887 0.3935
91.44 0.4051 0.4013
106.68 0.4105 0.4143
2 15.24 0.3665 0.3697
30.48 0.3876 0.3870
45.72 0.3790 0.3797
60.96 0.3831 0.3869
76.20 0.3962 0.3931
91.44 0.4023 0.3999
106.68 0.4115 0.4145
4 15.24 0.3590 0.3577
30.48 0.4011 0.4017
45.72 0.3984 0.3966
60.96 0.4002 0.4002
76.20 0.3959 0.3934
91.44 0.3974 0.3989
106.68 0.4119 0.4157
7 15.24 0.3622 0.3612
30.48 0.3869 0.3942
45.72 0.3857 0.3891
60.96 0.3918 0.3882
76.20 0.3880 0.3901
91.44 0.3941 0.3947
106.68 0.4678 0.4652
Note: a l l  values read d ire c tly  £rom the instrum ent, using 
a 16 s count, and .the fac to ry  c a lib ra tio n  curve. Hydroprobe 
Neutron Moisture Gage, model 503DR, Campbell P a c ific  Nuclear 
Corporation, Pachero, C a lifo rn ia .
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NONLINEAR REGRESSION PRQ6RAM LISTIMfi
/* DATA STEP TO INPUT DIURNAL SOIL TEMPERATURE DATA FROM A FILE NAMED 
/* INPUT DATA SET CONTAINS TEMPERATURE AT 5 DEPTHS FOR EACH HOUR 
/« FOR EACH OF FOUR PLOTS, FOR EACH DAY IN A 6R0UP
•IN' «/ 
*/ 
§/
1 DATA SOILTEMP ;
2 INFILE IN f
3 DO DAY = 238 TO 244 ;
4 DO PP - 1 TO 4 |
5 IF PP = I THEN PLOT = 1;
6 IF PP * 2 THEN PLOT * 2}
7 IF PP = 3 THEN PLOT = 4}
8 IF PP = 4 THEN PLOT = 7}
9 DO HR = 0 TO 23 ;
10 Dt = I ;
11 DO DEPTH = D1 TO 5 j
12 IF DEPTH * 1 THEN I - 2.5 j
13 IF DEPTH = 2 THEN Z = 5 ;
14 IF DEPTH = 3 THEN Z = 15 ;
15 IF DEPTH - 4 THEN Z » 25 |
16 IF DEPTH * 5 THEN Z = 30 ;
17 INPUT TEMP CO ;
18 OUTPUT •,
19 END ;
20 EiiD i
21 END :
22 END {
23 » ;
/• PROC STEP TO PERFORM NONLINEAR REGRESSION ANALYSIS, MODEL CONTAINS TUO » 
/• HARMONICS AND USES THE 2.5 CH UPPER BOUNDARY, METHOD OF HARQUARDT •
/• IS SELECTED, AND INITIAL ESTIMATES OF THE PARAMETERS ARE SUPPLIED, *
/» »AL» IS THE APPARENT THERMAL DIFFUSIVITY, 'Al' AND 'PI' ARE THE *
/• FOURIER CONSTANTS FOR THE FIRST HARMONIC, AND 'A2' AND 'P2» FOR THE *
/• SECOND HARMONIC *
/I I i I II  I I M I I H  I i I H  i > <1 H  i I t  < I II I M II  t >
24 PROC NLIN
25 METHOD = HARBUARDT ?
26 PARHS AL-23.40
27 Al = 10.5
28 PI - 9.00
29 A2 - 2.75
30 P2 - 11.3 ;
! iS3i}J3S himoj hmi-Zi S3uu 09
2 r a ‘n us saz< Z3im 6S
f iiaaoM AiiMsnjJia ivum< ibhu BS
i lOld AVa AB ZS
i zdoia - zd'naa 9S
i zvaia = zva3a SS
i idaia => id'83a tS
i ivoia = ivaa ES
* ivaia = ivraa ZS
! wns = dwi laaoH IS
/« 3dna330dd 3H1 HS1NIJ 01 03810039 S1N3U31V1S 3M1VAI930 flNV 1300H 3H1 •/
/I t  I 1 1 1 1 1 1 1 i I t  I 1 < I I  I t  < 1 1 1 i 1 I M  t < t  1 f 1 i 1 « »/
*• (ZN-) * Z3 * Z3 * ZV = ZdOlO OS
! (IN-) * 13 * 13 « IV = IdOlO 6t
• zs » Z3 = zvaia 8t
j is » is » ivaia Zt
i zsivoia* mvaia = ivaia 9t
! (Z3 ♦ ZS) • za • Z3 • ZV - Z31V010 St
! (13 ♦ IS) * ia • 13 ft IV » I31V01Q tt
i (S’HHCIVIZ) * (S*0>*ZN)*Z = za St
s (S*I-)H(1V«Z) * (S'0»»IN)*Z = ID Zt
I (S.’0**(1V/Z/ZN)*Z - (Zd - 8H) # Zn)S03 = Z3 It
I (S’0H(1V/Z/IN)*Z - (Id - 8H) » IN)S03 = 13 Ot
/I H  1 1 1 1 1 I I  1 H  I I  I 1 I I  I I  I 1 H  I I  I I  I I  1 1 I I  I I * #/
/» S8313NV9Vd S 3H1 JO H3V3 01 133dS39 */
/* HUH dU31 JO S3M1VAI930 IVIWVd 3H1 3indU03 OS 01 0* S1K3H31V1S #/
/< 1 1 1 1 1 1 I 1 1 1 1 1 1 1 I 1 1 1 1 I I 1 1 I 1 1 1 1 1 1 1 1 1 1 1 1 * */
i ZN ♦ IN = uns 6E
! ZS * Z3 * ZV - ZN 8E
! IS • 13 • IV s IN ZC
! (S "0»*(TV/Z/ZI1) ftZ - (Zd - HH) » ZN)NIS = ZS 9E
i (S’0«(1V/Z/IH)*Z - (Id - 8H) * !H)NIS * IS SE
I (S,0H(1V/Z/ZN) t  Z-)dX3 = Z3 tE
J (S’OHdV/Z/IH) t Z-)dI3 * 13 EE
* Z t BI9Z*0 = ZN ZE
* I # 8I9Z'0 « IN IE
/« ZI '03 AB N3AI9 1300H 3H1 JO SU831 ONI 3H1 H90J 6E 01 IS S1N3N31V1S t/
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SAMPLE INPUT DATA FOR NONLINEAR REGRESSION PRQ8RAH
Dataset 'IN’ contains the diurnal soil teaperature at five depths with 
tiae lag adjustaent for the 2.5 ca upper boundary, for each of the 24 hours 
in each day, and for each of the four plots. Data shoun belou is for day 238.
-5.97 -1.85 0.87 1.16 0.94
-5.98 -4.75 0.42 0.98 0.89
-6.27 -4.96 -0.02 0.78 0.80
-6.64 -5.34 -0.41 0.57 0.68
-6.69 -5.49 -2.26 0.35 0.55
-6.60 -5.62 -2.51 0.14 0.41
-6.52 -5.54 -2.71 -0.06 0.27
-6.90 -5.80 -2.86 -1.18 0.13
-5.49 -5.35 -3.04 -1.35 -0.71
-2.62 -3.61 -3.09 -1.53 -0.88
0.67 -1.20 -2.80 -1.65 -1.04
3.79 1.39 -2.16 -1.65 -1.14
6.03 3.39 -1.28 -1.52 -1.17
7.78 5.17 -0.34 -1.28 -1.11
8.84 6.21 0.59 -0.93 -0.98
10.19 7.49 1.46 -0.52 -0.78
10.08 8.29 2.31 -0.07 -0.51
7.60 6.64 3.01 0.40 -0.20
5.66 5.57 3.19 0.80 0.10
3.14 3.95 3.16 1.12 0.39
0.81 2.15 2.89 1.34 0.64
-0.65 0.73 2.42 1.43 0.82
-1.74 -0.33 1.88 1.41 0.93
-2.41 -1.07 1.35 1.31 0.96
-6.20 -1.93 0.88 1.13 O.BB
-6.23 -4.90 0.45 0.97 0.83
-6.49 -5.10 0.03 0.79 0.76
-6.88 -5.48 -0.35 0.60 0.66
-6.92 -5.63 -2.23 0.40 0.54
-6.82 -5.76 -2.48 0.20 0.42
-6.72 -5.66 -2.68 0.00 0.28
-7.11 -5.93 -2.84 -1.13 0.15
-5.54 -5.40 -3.02 -1.30 -0.69
-2.44 -3.55 -3.05 -1.46 -0.83
1.12 -0.99 -2.74 -1.57 -0.96
4.33 1.69 -2.09 -1.58 -1.04
6.63 3.73 -1.21 -1.47 -1.07
8.44 5.54 -0.26 -1.24 -1.02
9.20 6.55 0.69 -0.92 -0.91
10.40 7.57 1.50 -0.53 -0.72
9.94 8.27 2.26 -0.11 -0.4B
7.40 6.53 2.86 0.32 -0.21
5.61 5.52 3.01 0.70 0.06
3.06 3.90 2.99 1.00 0.32
0.65 2.07 2.75 1.21 0.55
-0.84 0.63 2.32 1.32 0.73
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-1.93 
-2.59 
-5.92 
-5.91 
-S. 13 
-6.48 
-6.52 
-6.49 
-6.3B 
-6.72 
-5.59 
-3.15 
0.16
3.46
5.67
7.45
8.80 
10.29 
10.18
7.59
5.77 
3.26 
1.00
-0.49
-1.59
-2.30
-6.64
-6.59
- 6.86
-7.21
-7.21
-7.10
-6.98
-7.34
-5.78
-2.64
1.00
4.20
6.17
8.89
11.01
11.84
10.82
7.86
5.22
2.78 
0.46
-1.03
-2.14
-2.78
-0.43
-1.16
-1.97
-4.88
-5.05
-5.41
-5.54
-5.66
-5.56
-5.81
-5.37
-3.71
-1.29
1.41
3.39
5.13
6.51
7.87 
8.64
6.81
5.66
3.88
2.05 
0.62
-0.45
- 1.20
-2.09
-5.20
-5.37
-5.74
-5.86
-5.95
-5.85
- 6.10
-5.61
-3.69
- 1.11
1.60
3.48
5.68
7.67
8.79 
9.09
6.90
5.45 
3.66 
1.86 
0.44
-0.61
-1.33
1.33
1.25
1.16 
0.97 
0.75 
0.53 
0.30 
0.09
- 0.11
-1.24
-1.43
-1.62
-1.74
-1.73
-1.58
-1.30
-0.93
-0.50
- 0.02
0.52
0.91
1.22
1.44
1.52
1.47
1.33 
1.12 
0.95 
0.76 
0.56 
0.35 
0.15
-0.05
- 1.20
-1.37
-1.53
-1.63
-1.63
-1.50
-1.25
-0.91
-0.51
-0.06
0.41
0.81
1 . 1 1
1.31
1.38
1.36
1.26
0.83
0.88
0.97
0.91
0.79
0.68
0.53
0.39
0.25
0.11
-0.77
-0.96
-1.13
- 1.22
-1.23
-1.16
- 1.00
-0.78
-0.50
- 0.12
0.17
0.46
0.73
0.91
0.99
1.00
0.94
0.89
0.81
0.70
0.57
0.45
0.31
0.18
-0.74
-0.93
-1.08
-1.16
-1.18
- 1.12
-0.99
-0.81
-0.52
- 0.22
0.08
0.40
0.66
0.83
0.93
0.95
1.82
1.33
0.83
0.38
-0.07
-0.46
-2.30
-2.55
-2.74
- 2.88
-3.07
-3.12
-2.83
-2.19
-1.30
-0.35
0.60
1.52
2.42
3.14 
3.28
3.20
2.90
2.41 
1.85
1.31 
0.79 
0.35
-0.07
-0.46
-2.41
-2.65
-2.83
-2.97
-3.14
-3.14
-2.81
-2.13
-1.23
-0.28
0.73
1.75
2.63
3.22
3.31
3.15
2.80
2.31
1.77
1.25
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SAMPLE OUTPUT FROH NONLINEAR REGRESSION FRDGRAH :
THERMAL DIFFUSIVITY MODEL
2.5 CM U.B.
2-TERM FOURIER SERIES
DAY=238 PLOT=l
NON-LINEAR LEAST SQUARES ITERATIVE PHASE
ITERATION
0
1
2
3
4
DEPENDENT VARIABLE: TEMP METHOD: HARQUARDT 
AL Al PI A2
23.400000000 10.500000000 9.000000000 2.750000000
20.91833584S
20.457120882
20.471144336
20.470185281
8.400681159
8.421196452
8.421755030
8.421829987
8.736994736
8.661913354
8.661850673
8.661823546
2.272987344
2.462156126
2.467173256
2.467238274
P2
11.300000000
10.612373967
10.477143974
10.487030086
10.486975976
RESIDUAL SS
1130.407299246
417.966679451
411.689674820
411.674801818
411.674800406
NOTE: CONVERGENCE CRITERION MET.
NON-LINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT VARIABLE TEMP
SOURCE DF SUN OF SQUARES MEAN SQUARE
REGRESSION 5 7846.8264996 1569.3652999
RESIDUAL 835 411.6748004 0.4930237
(INCORRECTED TOTAL 840 825B.5013000
(CORRECTED TOTAL) 839 8258.5012856
PARAMETER ESTIMATE ASYMPTOTIC ASYMPTOTIC 95 Z
STD. ERROR CONFIDENCE INTERVAL 
LONER UPPER
AL 20.47018528 0.63258684715 19.228517418 21.711853145
Al 8.42182999 0.08533958651 8.254321885 8.589338088
PI 8.66182355 0.03870561933 8.585850541 8.737796551
A2 2.46723827 0.08127508474 2.30770B146 2.62676B402
P2 10.48697598 0.06291379281 10.363486158 10.610465794
ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS
CORR AL Al PI A2 P2
AL 1.0000 -0.5905 0.5905 -0.2089 0.2089
Al -0.5905 ' 1.0000 -0.34B7 0.1234 -0.1234
PI 0.5905 -0.3487 1.0000 -0.1234 0.1234
A2 -0.2089 0.1234 -0.1234 1.0000 -0.0437
P2 0.2089 -0.1234 0.1234 -0.0437 1.0000
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THERMAL DIFFUSIVITY MODEL
2.5 CM U.6.
2-TERN FOURIER SERIES
DAY=23B PL0T=2
NON-LINEAR LEAST SQUARES ITERATIVE PHASE 
DEPENDENT VARIABLE: TEMP METHOD: HARQUARDT
ITERATION AL Al PI A2 P2 RESIDUAL SS
0 23.400000000 10.500000000 9.000000000 2.750000000 11.300000000 1203.270129259
1 19.571879949 8.499390766 8.642705724 2.278590324 10.509690877 433.963714957
2 18.965690035 8.546347842 8.538944376 2.524313286 10.350736897 423.886633939
3 18.988243485 8.547694286 8.539314867 2.531313593 10.365288801 423.854324378
4 18.987227615 . 8.547781889 8.539276354 2.531425860 10.365195216 423.854321767
NOTE: CONVERGENCE CRITERION MET.
NON-LINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT VARIABLE TEMP
SOURCE DF SUM OF SQUARES MEAN SQUARE
REGRESSION 5 7858.1308782 1571.6261756
RESIDUAL 835 423.8543218 0.5076100
UNCORRECTED TOTAL 840 8281.9852000
(CORRECTED TOTAL) 839 8281.9851981
PARAMETER ESTIMATE
AL
Al
PI
A2
P2
18.98722761
8.54778189
8.53927635
2.53142586
10.36519522
ASYMPTOTIC 
STD. ERROR
0.59886364341
0.08843389314
0.03951803148
0.08400445477
0.06337772699
ASYMPTOTIC 95 Z 
CONFIDENCE INTERVAL
LONER
17.811753063
8.374200153
8.461708713
2.366538411
10.240794768
UPPER
20.162702167
8.721363625
8.616843996
2.696313310
10.489595663
ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS
CORR AL Al PI A2 P2
AL 1.0000 -0.5974 0.5974 -0.2159 0.2159
Al -0.5974 1.0000 -0.3569 0.1290 -0.1290
PI 0.5974 -0.3569 1.0000 -0.1290 , 0.1290
A2 -0.2159 0.1290 -0.1290 1.0000 -0.0466
P2 0.2159 -0.1290 0.1290 -0.0466 1.0000
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THERMAL DIFFUSIVITY MODEL
2.5 CH U.B.
2-TERM FOURIER SERIES
DAY-238 PLOTM
NON-LINEAR LEAST SQUARES ITERATIVE PHASE
DEPENDENT VARIABLE: TEMP NETHOD: HARQUARDT
ITERATION AL Al PI A2 P2 RESIDUAL SS
0 23.400000000 10.500000000 9.000000000 2.750000000 11.300000000 1067.722696270
1 22.181442310 8.510267568 8.754632554 2.520631729 10.614574149 472.414042471
2 22.02066B369 8.522475322 8.696073718 2.700845187 10.572442368 468.152721023
3 22.032020750 8.522572680 8.696372146 2.701199957 10.575356269 468.151278461
4 22.031526220 8.522606947 8.696359632 2.701226974 10.575335176 468.151278142
NOTE: CONVERGENCE CRITERION NET.
NON-LINEAR LEAST SQUARES SUMMARY STATISTICS DEPENDENT VARIABLE TEMP
SOURCE DF SUM OF SQUARES MEAN SQUARE
REGRESSION 5 8354.1873219 1670.8374644
RESIDUAL 835 468.1512781 0.5606602
UNCORRECTED TOTAL 840 8822.3386000
(CORRECTED TOTAL) 839 8B22.3385424
PARAMETER ESTIMATE
AL
Al
PI
A2
P2
22.03152622
B.52260G95
8.69635963
2.70122697
10.57533518
ASYMPTOTIC 
STD. ERROR
0.70061537396
0.08908574115
0.03992690952
0.08548401243
0.06043984598
ASYMPTOTIC 95 Z 
CONFIDENCE INTERVAL
LOUER
20.656329124
8.347745736
8.617989428
2.533435386
10.456701324
UPPER 
23.406723315 
8.697468158 
8.774729836 
2.869018561 
10.693969029
ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS
CORR AL Al PI A2 P2
AL 1.0000 -0.5825 0.5825 -0.219B 0.2198
Al -0.5825 1.0000 -0.3393 0.1280 -0.1280
PI 0.5B25 -0.3393 1.0000 -0.1280 0.12BO
A2 -0.2198 0.1280 -0.1280 1.0000 -0.0483
P2 0.2198 -0.1280 0.1280 -0.0483 1.0000
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THERMAL DIFFUSIVITY MODa
2.5 CM U.B.
2-TERM FOURIER SERIES
DAYS23B PL0T=7
ITERATION
0 
1 
2
3
4
NON-LINEAR LEAST SQUARES ITERATIVE PHASE 
DEPENDENT VARIABLE: TEMP METHOD: HAROUARDT
AL
23.400000000 
18.632931851 
18.198235541 
18.225705070 
18.226392865
Al
10.500000000
8.817100765
8.936830409
8.940405377
8.940335369
PI
9.000000000
8.401904048
8.255769194
8.258015482
8.258030972
A2
2.750000000
2.592088181
3.057751318
3.059144557
3.059141378
P2
11.300000000
10.171989601
10.153522210
10.155920708
10.155893033
RESIDUAL SS
1464.220702357
615.063311470
590.061954621
590.055136423
590.055135077
NOTE: CONVERGENCE CRITERION MET.
NON-LINEAR LEAST SOUARES SUMMARY STATISTICS DEPENDENT VARIABLE TEMP
SOURCE DF SUM OF SQUARES MEAN SQUARE
REGRESSION 5 8631.B4B5649 1726.3697130
RESIDUAL 835 590.0551351 0.7066529
UNCORRECTED TOTAL B40 9221.9037000
(CORRECTED TOTAL) 839 9221.9036132
PARAMETER ESTIMATE
AL
Al
PI
A2
P2
18.22639287
8.94033537
8.25803097
3.05914138
10.15589303
ASYMPTOTIC 
STD. ERROR
0.65097727000
0.10528241859
0.04498131326
0.10085679331
0.06296587555
ASYMPTOTIC 95 Z 
CONFIDENCE INTERVAL
LOWER
16.948627512
8.7336B2644
8.169739773
2.861175455
10.032300985
UPPER
19.504158218
9.146988094
8.346322170
3.257107301
10.279485081
ASYMPTOTIC CORRELATION MATRIX OF THE PARAMETERS
CORR AL Al PI A2 P2
AL 1.0000 -0.5984 0.5984 -0.2488 0.2488
Al -0.5984 1.0000 -0.3581 0.1489 -0.1489
PI 0.59B4 -0.35B1 1.0000 -0.14B9 0.1489
A2 -0.2488 0.1489 -0.1489 1.0000 -0.0619
P2 0.2488 -0.1489 0.1489 -0.0619 1.0000
APPENDIX 5.
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THEORETICAL MODEL OF APPARENT THERMAL DIFFUSIVITY 
COMPUTER PROSRAH LISTING
100 ' SAVED AS 'ALCALC.BAS*
110 »
120 » 6HBASIC 4-27-86
130 »
140 » GIVES THERMAL PROPERTY ESTIMATES BASED ON COMMONLY
ISO ' MEASURED SOIL PROPERTIES USING ASSUMPTIONS LISTED
160 ’ IN DISSERTATION BY COSTELLO (19B6), LOUISIANA STATE
170 » UNIVERSITY, BATON ROUGE, LA.
100 *
185 ’ »• INPUT AND INTIALIZATION m
190 »
195 CLS 
197 LOCATE 5,1
200 INPUT 'BULK DENSITY <g/c«3> : ',• BD
210 INPUT 'CLAY CONTENT {fraction of solids) : CC
220 INPUT 'MOISTURE CONTENT {fraction by voluae) t '; XU
222 RQ = .206
224 RH = .4633
226 RU = 1
228 KQ = 8.8
230 KM - 2.9
232 KU = .57
234 CS - 2000000!
236 CU = 4200000!
237 * *§* 60 TO SUBROUTINE TO COMPUTE PROPERTIES m
238 60SUB 1000 
240 »
245 ' «« PRINT RESULTS ON THE SCREEN m
250 '
252 CLS : PRINT : PRINT : PRINT
260 PRINT 'BULK DENSITY, . . . . g/c>3 ....................
270 PRINT 'CLAY CONTENT, . . . . fraction of solids . . 'jCC
280 PRINT 'MOISTURE CONTENT, . . fraction by voluae . . *;XU
290 PRINT 'OUARTZ CONTENT, . . . fraction by voluae . . *;XQ
300 PRINT 'OTHER MINERALS, . . . fraction by voluae . . *;XH
310 PRINT 'AIR CONTENT, . . . . . fraction by voluae . . 'jXA
320 PRINT 'POROSITY, ............ . fraction by voluae . . '}1-XS
330 PRINT 'SPECIFIC HEAT, . . . . J a-3 K-l ..............
340 PRINT 'THERMAL CONDUCTIVITY, . U a-1 K-l ..............
350 PRINT 'K-C PRODUCT, . . . . . J2 s-1 a-4 K-2 . . . . ' ; KXC
360 PRINT 'THERMAL DIFFUSIVITY, . ca2 hour-1 . . . . .
370 END 
985 CLOSE 
990 END
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1000 '
1010 '
1020 ’ » t  SUBROUTINE: THERMAL PROPERTY CALCULATION h i  
1030 »
1040 ’
1050 * initial 
1058 XS = BD/2.65 
1060 XQ = <1-CC)*.433»XS 
1070 XH = XS-XO 
1090 XA = 1 - XS - XU
1100 IF XH < .309 THEN XH5 = XU ELSE XUS = .389 
1110 KA = .025 ♦ 7.370001E-02 • .XUS / .389 
1120 GA - .239 * XU 
1130 Q = (KA / .57) - 1
1140 RA = 2 /  3/(l*0«G A ) + l /  3 / ( l  + Q i{ l - 2 #  GA)) 
1150 * specific heat, units <J, ■-3, K-l>
1160 C = (XQ ♦ XH) * CS + XU * CW
1170 ' theraal conductivity, units <U, a-1, K-l>
1180 KNUN = KQiROiXQ + KH*RHiXH + KH*RU«XU * KAiRAiXA 
1190 KDEN = RQiXQ + RHiXH + RUiXU + RA*XA 
1200 K = KNUH / KDEN
1202 ’ K-C product, units <J2, s-1, a-4, K-2>
1204 KXC = K«C
1210 ’ theraal diffusiv ity , units <a2, s-1>
1220 ALPHA = K / C
1230 ’ convert units to <ca2, hour-l>
1240 ALPHA = ALPHA t 3.6E+07 
1250 ’ done 
1260 RETURN
SAMPLE OUTPUT FROM THEORETICAL HQDEL 
OF APPARENT THERMAL D1FFUSIVUTY
BULK DENSITY. . . . . . g/»3 . . . . . . . . 1.529
CLAY CONTENT, . . . . . fraction of solids . 0.281
MOISTURE CONTENT, . . . fraction by voluae . 0.366
QUARTZ CONTENT, . . . . fraction by voluae . 0.180
OTHER MINERALS, . . . . fraction by voluae . 0.397
AIR CONTENT, ........... . fraction by voluae . 5.701E-02
POROSITY, .............. . fraction by voluae . 0.423
SPECIFIC HEAT. . . . . . J a-3 K-l .............. 2.691E+06
THERMAL CONDUCTIVITY, . U a-1 K-l .............. 1.564
K-C PRODUCT, ............ . J2 s-1 a-4 K-2 . . . 4.209E+06
THERMAL DIFFUSIVITY, . . ca2 hour-1 . . . . . 20.921
APPENDIX 6.
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PROPAGATION OF EXPERIMENTAL ERROR
Petiya.tlon
The p red ic ted  apparent therm al d if fu s iv i ty ,  is  computed using 
measured values of bulk d en sity , Db, c lay  frac tio n  of so lid s , Fc , and 
volum etric m oisture con ten t, x^:
"p “ £(Db ' Fc ' V  * {a)
Each of these th ree  q u a n titie s  has some experimental uncerta in ty  
assoc ia ted  with system atic and random v a ria tio n s  of the p ro p ertie s , in 
add ition  to  experim ental measurement e rro r  which re s u l ts  in  the 
propagation of uncerta in ty  in to  the value of ct^. The experimental 
u n certa in ty  of the  p redicted  apparent thermal d if fu s iv ity ,  v(«^), 
(expressed as a standard d e v ia tio n ), can be computed as (see for 
instance, Holman, 1978, pp. 74-77):
<r(« ) = I ( 6 «  / 6 D . ) * r * ( D . )  + ( 5 « , / « F J * c * { F Jp  p  D D p  C C
+(4« / f ix J * c * ( x ))*  . (b)p w w
P a r t ia l  D eriva tives. The a n a ly tic  form of Equation a above is  given 
by Equations 7 and 8 in Chapter I I  of the te x t .  Because of the 
complexity of the expression, the p a r t ia l  d e riv a tiv e s  of ecp with respect 
to  D^, FQ, and xtf were approximated num erically. A simple approximation 
of the p a r t ia l  d e riv a tiv e  can be made i f  the function is  assumed to  be 
re la t iv e ly  smooth. For example, using a small f in i te  change in of 
the p a r t ia l  d e riv a tiv e  of « with respec t to  can be 
approximated as:
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S im ilarly ,
*« „ *(Pb ' *c + 0»56(Fc ) , x j  -  «(Db, Fc -  0.58(Fc ) , x j
S ’  7 ^ )  .
8«  ^ «(Db, Pc , xw + 0.56(xw)) -  ec(Db, Pc , xw -  0.58(xw))  ^ ^
6xw 8(xw)
Three values o£ 6 were t r ie d  fo r each variab le  and the respective
estim ate of the p a r t ia l  d e riv a tiv e  was observed to  converge in each 
case . Although th is  approximation is  ra th e r  crude, i t  was found to  be 
s u f f ic ie n tly  accurate  fo r th is  purpose.
P lo t to  Plot  V a ria b ility
The experimental u n certa in ty  of due to  the p lo t to  p lo t
v a r ia b i l i ty  of the measured p ro p e rtie s  can be estim ated using Equation b 
and estim ates of the v a r ia b i l i ty  of each q u an tity . The appropriate 
estim ates of *(I>b), *(FC), and *(xw) can be computed as the standard 
dev ia tion  of each q u an tity  between the four p lo ts . For example, in 
group 7:
ggOMP. 7
P lo t Db, g/cm3 Fc xy
1 1.528 0.248 0.374
2 1.529 0.281 0.371
4 1.535 0.282 0.379
7 1.553 0.287 0.373
mean 1.536 0.275 0.374
s t .  dev. 0.012 0.018 0.003
Using the mean values of Db, Fc , and xtf (computed above), the computed 
value of (average value fo r a l l  p lo ts , group 7) was 21.11 cm*/h, from 
Equations 7, 8, and 11 in  the te x t .  Using th ree  values of 8 for each
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measured q u an tity , the p a r t ia l  d e riv a tiv e s  o£ with respec t to  D^, Fc , 
and xw were computed to  be 20.189 (cm*/h)/(g/cm3), -4.302 cm*/h, and
2.494 cm*/h, re sp ec tiv e ly , from Equations c , d, and e . Then, using 
Equation b, the experimental uncerta in ty  of the p red icted  apparent 
therm al d if fu s iv i ty  was computed to  be 0.25 cm*/h, expressed as a 
standard d ev ia tion .
V ithin P lo t V a ria b ility
The experim ental uncerta in ty  of et^  due to  the v a r ia b i l i ty  of s o i l  
p ro p erties  with respec t to  depth, in  a given p lo t,  can be estim ated.
The appropria te  estim ates of *(Dh) , r(F _), and r(x  ) can be computed as
u C W
the standard dev ia tion  of each q u an tity , between the th ree  depths, in a 
given p lo t .  For example, in group 7, p lo t 2:
Group 7—P lo t 2
Depth, cm Db, g/cm3 Pc xw
5.08 -  15.24 1.568 0.221 0.347
15.24 -  30.48 1.563 0.343 0.367
30.48 -  45.72 1.457 0.280 0.384
mean 1.529 0.281 0.366
s t .  dev. 0.063 0.061 0.018
Using the mean values of Db, Fc , and x^, the computed value of 
(average value for p lo t 2, group 7) was 20.92 cm*/h. from Equations 7,
8, and 11 in  the te x t .  Using the standard dev ia tion  between depths, for 
each q u an tity , the p a r t ia l  d e riv a tiv e s  of with resp ec t to  V  Fc , and 
xw were computed to  be 19.922 (cm*/h)/(g/cm )» -4.227 cm*/h, and 3.022
cm*/h, re sp ec tiv e ly , from Equations c , d , and e . F in a lly , using 
Equation b, the experimental uncerta in ty  of the p red icted  apparent 
therm al d if fu s iv i ty  was computed to  be 1.28 cm*/h, expressed as a 
standard d ev ia tio n .
APPENDIX 7.
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DIFFERENCE BETWEEN TWO SINEVAVES
Given
Define two sinevaves having equal angular v e lo c ity , v:
f ^ ( t )  e AjSin(wt + p^)
f 2( t)  = A2s in (v t  + P2) .
Conclude
The d iffe ren ce  between these two functions is  another sinewave, 
having the same angular v e lo c ity :
f 1( t)  -  f 2( t )  = f 3( t )  = A3sin(w t + P3) .
Note:
f 3( t ) = A^sintwt + P^) -  A2sin(w t + Pj)
= A^[sin(wt)cos(P^) + cos(w t)sin (P ^)]
-  A2[sin(w t)cos(P2) + cos(w t)sin(P2) ] .
S ubstitu ting :
X = AjSinPj^ -  A2sinP 2 
Y = A jC osP^ -  A2c o s P 2 ,  
y ie ld s:
f 3( t)  = Xsinwt + Ycoswt .
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Now, define a r ig h t  tr ia n g le :
Y
X
in  which:
X* + Y* = H* 
tan  © = X/Y 
cos 0 = Y/H 
s in  © = X/H .
S u b stitu tin g  fo r X and Y in  Equation a , y ie ld s :
£ ^ ( t) = Hsin(©)sin(wt) + Hcos(©)cos(wt)
= Hsin(wt + 0) . (b)
Note th a t :
X* + Y* = A^fcostPj^ + s in tP j)  + A2*(cos*P2 + sin*P2)
-  2AJA2lcos(P1)cos(P2) + s in (P 1)sin (P 2) ]
= Ax* + A2* -  2A1A2cos(P1 -  P2) .
Upon su b s titu tio n  o f:
A3 = H = (X* + Y*)*
= [A ^ + A2* -  2Aj A2c o s ( P 1 -  P2)J*
P3 = e = tan -1 (X/Y)
= tan_1[ (AjSinPj-AjSinP^/fAjCOsPj-Aj 
in to  Equation b, y ie ld s :
f 3( t)  = A3s in (v t  + P3) . Q.E.D.
APPENDIX 8. 
CLIMATIC DATA
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CLIMATIC DATA (1985)
Date
Day 
of the 
Year
Solar 
Rad. f 
MJ/m*
-  Air Temp., 
Max. Min.
•C - 
Ave.
Pre-
c ip . ,
mm
Evap.,
mm
Wind
Speed
km/h
June 29 180 24.6 29.4 17.1 24.3 0.00 5.54 6.8
181 29.4 32.0 15.6 24.5 0.00 6.05 4.8
Ju ly  1 182 27.9 34.2 18.8 26.6 0.00 - 5.6
183 17.3 33.7 20.8 25.7 0.00 - 4.5
184 15.4 32.7 21.2 25.2 0.00 - 4.1
185 14.6 31.3 19.9 23.7 0.00 - 5.0
186 4.7 23.6 20.5 21.7 29.00 - 6.1
187 20.3 32.4 21.3 25.3 0.50 - 4.5
188 15.9 29.7 21.1 25.1 0.00 - 6.1
189 14.8 29.7 21.1 25.1 0.00 - 6.1
Ju ly  9 190 20.6 33.2 25.1 29.4 0.00 8.34 6.6
191 24.3 34.9 23.4 28.3 0.25 5.68 6.3
192 10.3 32.4 22.2 25.5 0.00 3.01 4.8
193 22.1 34.7 21.9 27.4 0.00 5.38 4.6
194 25.5 34.2 21.6 28.0 0.00 6.32 4.4
195 15.4 33.9 21.9 27.3 0.00 5.51 4.3
196 17.4 34.8 21.8 27.4 0.00 6.07 5.6
197 10.1 33.2 21.9 25.9 35.00 3.46 7.4
198 16.2 32.0 22.0 25.2 3.50 0.78 4.9
199 17.2 34.0 22.8 26.7 0.00 2.62 4.2
Ju ly  19 200 7.9 31.2 23.2 25.1 1.00 1.42 4.4
201 10.0 29.4 23.2 25.9 2.75 0.57 4.0
202 20.1 32.2 21.8 26.7 0.00 4.44 4.8
203 23.8 33.0 24.0 29.5 0.00 5.90 8.6
204 21.9 33.4 23.4 27.5 0.00 5.99 7.4
205 22.7 34.1 23.7 28.1 5.50 3.88 7.0
206 18.3 33.7 23.1 28.3 0.00 4.82 4.7
207 21.0 33.2 23.2 28.5 0.00 5.37 5.0
208 11.3 32.0 22.9 26.4 16.75 3.57 7.8
209 21.9 32.5 22.7 27.1 1.75 3.24 5.1
Ju ly  29 210 23.0 34.3 23.2 28.4 0.00 3.72 4.4
211 17.2 33.4 23.0 27.4 0.75 3.58 3.3
212 21.2 33.8 24.4 28.8 0.00 4.12 5.6
Aug. 1 213 23.4 35.5 25.0 29.0 0.00 6.45 6.8
214 19.0 35.7 24.6 28.9 0.00 5.31 5.1
215 19.9 36.7 23.3 27.9 22.00 3.31 5.7
216 20.0 34.8 23.4 27.6 0.00 3.93 5.5
217 18.4 34.6 23.5 27.9 5.00 3.59 3.7
Aug. 6 218 21.2 34.5 23.3 27.3 1.00 4.19 4.2
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CLIMATIC DATA—gflntifl.Ug.fl
Date
Day 
of the 
Year
Solar 
Rad* , 
MJ/m*
-  Air Temp., 
Max. Min.
•C - 
Ave.
Pre-
c ip . ,
mm
Evap.,
mm
Wind
Speed
km/h
Aug. 7 219 7.3 29.9 21.9 24.3 3.00 1.10 4.6
Aug. 8 220 23.4 33.9 20.9 26.8 0.00 3.14 3.0
221 21.7 34.7 23.7 28.7 0.00 5.62 4.1
222 23.1 34.6 24.3 28.1 0.00 5.58 5.2
223 16.0 33.9 22.2 27.1 6.00 2.09 4.4
224 21.2 34.0 22.5 27.1 0.00 3.43 3.9
225 19.1 34.5 22.5 27.2 0.00 4.77 4.0
226 7.2 30.1 23.5 25.5 6.00 1.44 6.9
227 3.2 26.6 22.4 24.7 67.00 0.27 17.4
228 18.2 32.4 24.1 28.0 13.00 2.69 8.8
229 19.4 34.2 25.4 28.4 0.00 5.04 4.5
Aug. 18 230 21.1 34.4 24.3 28.1 2.00 4.12 5.0
231 18.2 36.0 23.4 28.6 0.00 3.76 2.5
232 7.0 31.6 23.1 25.5 13.00 2.20 3.5
233 17.9 34.3 22.9 27.7 0.50 2.39 3.1
234 22.1 35.4 23.3 28.7 0.00 4.75 2.7
235 19.7 35.4 22.9 27.4 0.00 3.96 3.7
236 19.0 33.3 22.0 27.0 7.00 4.11 4.3
237 12.6 31.3 21.6 25.0 1.50 2.42 5.5
238 24.0 32.9 20.4 26.1 0.00 5.02 4.7
239 18.5 30.3 21.5 25.1 0.00 5.35 7.1
Aug. 28 240 14.3 30.7 21.6 25.8 0.00 2.74 5.6
241 15.2 32.3 23.0 26.4 0.00 4.30 6.5
242 21.2 34.2 22.9 28.0 0.00 5.88 7.0
243 23.0 34.7 21.3 28.1 0.00 3.45 6.4
Sept. 1 244 23.6 33.8 21.6 28.0 0.00 7.80 7.6
245 1.6 26.1 22.8 23.8 30.00 1.48 13.1
246 11.3 28.2 23.5 25.7 2.00 0.46 8.9
247 16.4 32.5 23.8 27.5 0.50 2.26 5.2
248 11.6 32.1 22.1 25.2 38.00 1.47 4.2
249 12.6 33.4 21.4 24.8 3.00 1.07 2.9
Sept. 7 250 10.8 32.6 21.8 24.8 3.50 0.96 2.8
251 13.5 32.8 21.3 24.5 23.62 1.01 3.2
252 17.5 32.9 21.3 25.6 28.45 1.01 3.4
Data recorded a t  the LSUAC Ben Hur Research Farm, by an automated 
weather s ta tio n  located approximately 20 m west o£ the s o i l  temperature 
measurement p lo ts .
APPENDIX 9.
VARIANCE COMPONENT ESTIMATION PROGRAM, 
INLUDING: SAS PROGRAM LISTING, 
SAMPLE INPUT DATA, AND 
SAMPLE OUTPUT
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VARIANCE COMPONENT ESTIMATION PROGRAM LISTING
/I > H i I l i  I H i H  I ( I H  I ! H I l i  H  I M I I H I I >1/
/* DATA STEP TO INPUT APPARENT THERMAL DIFFUSIVITY ESTIMATES FOR EACH OF */
/* THE TWENTY DAYS, FROM THE NONLINEAR RE6RESSI0N ANALYSIS USING */
/* 2.5 CM UPPER BOUNDARY AND TWO HARMONICS, ALSO INPUTTED ARE THE «/
/* CLASS VARIABLES GROUP, DAY AND PLOT •/
/« * « * « • « • « » • < « < « » • • ft « « « • < • • « « « • • • • « « « « < «/
1 DATA BIG |
2 INFILE IN ;
3 INPUT GROUP DAY PLOT ALU2H2 f
/I I ft I ft I ft H  ft ft I ft I ft ft I ft I ft ft ft H ft I ft ft M ft i ft ft ft I ft ft 1/
/» PROC STEP TO COMPUTE THE ESTIMATES OF COMPONENT VARIANCE, METHOD OF •/
/• MAXIMUM LIKELIHOOD (ML) IS SELECTED «/
/I I ft ft I I I ft ft ft ft ft ft I I H  ft I ft ft I I I I I ft ft ft I ft ft ft ft I I ft ft ft/
4 . PROC VARCOHP
5 DATA=BI6 METHOD'HL |
6 CLASS 6ROUP PLOT DAY j
7 MODEL ALU2H2 = GROUP PLOT DAY(GRQUP) |
S TITLE! 'THERMAL DIFFUSIVITY ESTIMATES' j
9 TITLE2 'ANALYSIS OF VARIANCE COMPONENTS' ;
10 TITLE3 'FIVE GROUPS—*20 DAYS » j
11 TITLE4 'UB = 2.5 CM, 2 HARMONICS' j
/• • « t » t « • • • < • < « • • * • * • « • « < ft ft ft ft < > ft ft ft ft ft ft ft ft </
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SAMPLE INPUT DATA FDR VARIANCE COMPONENT ESTIMATION PROGRAM
Dataset ’IN' contains group, day, plot, and apparent thereal diffusivity 
estiiates froa the nonlinear regression aethod with 2.5 ca upper boundary and 
two haraonics.
191 21.982
191 20.132
191 22.607
191 21.335
192 19.946
192 17.799
192 20.728
192 18.653
193 21.204
193 20.126
193 22.324
193 20.788
194 20.915
194 19.808
194 22.220
194 20.428
195 19.490
195 18.095
195 20.853
195 18.374
196 19.093
196 18.143
19G 21.116
196 18.351
2 203 20.395
2 203 19.957
2 203 22.353
2 203 21.566
2 204 20.407
2 204 19.312
2 204 21.492
2 204 20.699
3 220 20.985
3 220 20.142
3 220 22.177
3 220 20.713
3 221 21.082
3 221 20.267
3 221 22.301
3 221 20.547
3 222 20.702
3 222 19.601
3 222 21.935
3 222 19.336
in
in
in
in
in
io
in
in
in
n
in
in
in
in
io
in
in
in
in
in
in
n
in
n
in
in
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234
234
234
234
235 
235 
235 
235 
238 
238 
23B
238
239 
239 
239
239
240 
240 
240
240
241 
241 
241
241
242 
242 
242
242
243 
243 
243
243
244 
244 
244 
244
20.919
19.820
23.026
20.282
20.558
18.940
22.639
19.699
20.705 
19.109 
22.179 
19.457 
19.355 
17.626 
21.522 
18.540 
18.556 
17.298 
20.38 
17.421 
20.769 
19.563 
22.336 
18.975 
21.068
19.706 
22.349 
18.307 
21.429 
19.683 
22.756 
17.928 
20.433 
18.971 
21.853 
16.642
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SAMPLE OUTPUT FROM VARIANCE COMPONENT ESTIMATION PROGRAM;
THERMAL DIFFUSIVITY ESTIMATES 
ANALYSIS OF VARIANCE COMPONENTS 
FIVE GROUPS—20 DAYS 
UB = 2.5 CM, 2 HARMONICS
VARIANCE COMPONENT ESTIMATION PROCEDURE
CLASS LEVEL INFORMATION
CLASS LEVELS VALUES
6R0UP 5 1 2 3 4 5
PLOT 4 12 4 7
DAY 20 191 192 193 194 195 196 203 204 220 221 222 234 235 238 239 240 241 242 243 244
NUMBER OF OBSERVATIONS IN DATA SET = 80
MAXIMUM LIKELIHOOD VARIANCE COMPONENT ESTIMATION PROCEDURE
DEPENDENT VARIABLE: ALU2H2
ITERATION OBJECTIVE VAR(GROUP) VAR(PLOT) VAR(DAY(6R0UP» VAR(ERROR)
0 -23.54958613 0.06988154 1.56459422 0.55007402 0.369S9563
1 -23.66504785 0.05999726 1.26964492 0.56596310 0.37214692
2 -23.66969272 0.05794115 1.22334332 0.56299901 0.37373599
3 -23.66991609 0.05772274 1.22177858 0.56092107 0.3741493B
4 -23.66993365 0.05767708 1.22079322 0.56038596 0.37426665
5 -23.66993509 0.05766421 1.22051503 0.56023218 0.37430026
6 -23.66993521 0.05766052 1.22043505 0.56018799 0.37430993
7 -23.66993522 0.05765945 1.22041204 0.5601752B 0.37431271
CONVERGENCE CRITERION MET
VAR(GROUP) 
VAR(PLOT)
VAR(DAY(GROUP)) 
VAR(ERROR)
ASYMPTOTIC COVARIANCE MATRIX OF ESTIMATES 
VARC6R0UP) VAR(PLOT) VAR(DAY(GROUP))
0.02361384
0.00382G35
-0.010B5454
•0.00000146
0.003B2635
0.77118243
0.00024B24
-0.00029417
-0.010B5454
0.00024824
0.05410505
-0.00122974
VAR(ERROR)
-0.00000146
-0.00029417
-0.00122974
0.00491845
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